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Abstract
Fractures and associated networks can significantly affect subsurface fluid flow. Subsurface fluid flow is
of greatest significance in rocks with favourable aquifer characteristics. In this study, the Hawkesbury
Formation, a natural groundwater reservoir is analysed to characterise fracture networks. Longwall
mining under the Hawkesbury Formation is common in the Southern Sydney Coalfields region, NSW.
Therefore, the Hawkesbury Formation is subject to altered fracture networks due to the increased stress
and brittle nature of the Formation. Previous literature focuses heavily on the primary porosity and
permeability of the Hawkesbury Formation with little regard for the influence fracture and associated
fracture parameters have on subsurface fluid flow. This is because characterising groundwater flow in
fractured rock aquifers is difficult. However, this study highlights the need to better understand how flow
yields are likely to change with changes to fracture networks. Through the analysis of mechanical
stratigraphy including bed thickness, parameters of fracture spacing and fracture aperture this study
focuses on the calculation of fracture parameters to model and characterise reservoir flow properties.
This was achieved through both observational and geophysical analysis of sedimentary core holes within
a 30km radius around the Tahmoor South mine. Examining the observational fracture spacing and bed
thickness of the Hawkesbury Formation was subsequently compared to the inferred bed thickness from
geophysical gamma logs. The results found that both the fracture parameters and fluid flow results align
with previous literature. The predicted mean fracture porosity value of 0.012% is considered insignificant,
with fluid flow being predominantly matrix facilitated. The predicted average hydraulic conductivity of
0.055m/d are in close relation to the hydraulic conductivity of 0.041m/d from Tahmoor South. However,
further investigation is required as the relationship between bed thickness and fracture spacing did not
correlate to the hydraulic conductivity values. With refinement, this model can be used in future studies to
predict reservoir flow properties and how they are likely to change if stress from longwall mining occurs.
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ABSTRACT
Fractures and associated networks can significantly affect subsurface fluid flow.
Subsurface fluid flow is of greatest significance in rocks with favourable aquifer
characteristics. In this study, the Hawkesbury Formation, a natural groundwater
reservoir is analysed to characterise fracture networks. Longwall mining under the
Hawkesbury Formation is common in the Southern Sydney Coalfields region, NSW.
Therefore, the Hawkesbury Formation is subject to altered fracture networks due to
the increased stress and brittle nature of the Formation.
Previous literature focuses heavily on the primary porosity and permeability of the
Hawkesbury Formation with little regard for the influence fracture and associated
fracture parameters have on subsurface fluid flow. This is because characterising
groundwater flow in fractured rock aquifers is difficult. However, this study highlights
the need to better understand how flow yields are likely to change with changes to
fracture networks.
Through the analysis of mechanical stratigraphy including bed thickness, parameters
of fracture spacing and fracture aperture this study focuses on the calculation of
fracture parameters to model and characterise reservoir flow properties. This was
achieved through both observational and geophysical analysis of sedimentary core
holes within a 30km radius around the Tahmoor South mine. Examining the
observational fracture spacing and bed thickness of the Hawkesbury Formation was
subsequently compared to the inferred bed thickness from geophysical gamma logs.
The results found that both the fracture parameters and fluid flow results align with
previous literature. The predicted mean fracture porosity value of 0.012% is
considered insignificant, with fluid flow being predominantly matrix facilitated. The
predicted average hydraulic conductivity of 0.055m/d are in close relation to the
hydraulic conductivity of 0.041m/d from Tahmoor South. However, further
investigation is required as the relationship between bed thickness and fracture
spacing did not correlate to the hydraulic conductivity values. With refinement, this
model can be used in future studies to predict reservoir flow properties and how they
are likely to change if stress from longwall mining occurs.
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1. INTRODUCTION:
1.1 Context
Fractures and Fracture Networks efficiently affect fluid flow within geological
formations and hence determine flow properties in reservoirs (Cheng and Milsch,
2020). A Fracture is broadly referred to as a mechanical break or discontinuity found
in many stratigraphic units (Cheng and Milsch, 2020). Fractures can initiate and
propagate due to high stresses placed on rock bodies. These mechanisms of stress
can originate from natural forces such as tectonics and fluid pressure or induced
forces including longwall mining and resource extraction practises. Rock properties
often play a crucial role in the formation of fractures as different lithological units are
responsible for marked differences in internal fracture structures (Cheng and Milsch,
2020). Fractures have a significant contribution to the transmissivity and hydraulic
conductivity of reservoirs (National Research Council, 1996).
Fractures are common within the Hawkesbury Formation, which is a known reservoir
system. Overtime, as the Hawkesbury Formation fracture networks evolve in
response to progressing stress mechanisms, the reservoir flow properties will also
undergo alteration (Cheng and Milsch, 2020).
This study focuses on developing a better understanding of the fracture networks
within a 30km radius zone around the Tahmoor mine with particular focus on the
Hawkesbury Formation, a key groundwater reservoir for the Southern Highlands,
Illawarra and Greater Sydney region (Cendon et al, 2014). Understanding fracture
systems is important due to ongoing mining and the potential risks associated with
mining subsidence and connected groundwater aquifers. Previous studies on the
characterization and variable nature of sandstone reservoirs have consistently
focused on permeability and porosity of the rock matrix (Mayne et al, 1974; Liu et
al,1996; Al Gahtani, 2012; Griffith, 1986). These previous studies have indicated
inconsistent results due to variations in rock chosen and techniques used such as
point counting, helium porosity, effective porosity (%bulk volume), fluid saturation
and vacuum impregnation. Porosity values are seen to range from as little as 0.1%
from point counting methods to 26.6% for helium porosity methods (Al Gahtani,
2012; Liu et al,1996). Permeability values are also captured using various
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techniques including absolute permeability, vertical and horizontal permeability and
air permeability. Absolute permeability has determined values as a little as 0.1md,
whereas air permeability has resulted in much larger values up to 1200md (Lui et al,
1996).
Little previous work has been done to characterize the mechanical stratigraphy and
fracture networks within the Hawkesbury Formation including the flow characteristics
of these fractures. Zeito (1965) conducted a study on the mechanical stratigraphy of
the Hawkesbury Formation with particular focus on the interbedding of shale units.
This study describes the extent of shale units, how the sandstone units are
subdivided in accordance and how the presence of these shales responds in
environmental settings. Zeito (1965) concluded that the shale units of the
Hawkesbury Formation are an important mechanical property when considering
reservoir flow and flow evaluation studies. Therefore, this study has a strong focus
on interpreting the mechanical stratigraphy of the Hawkesbury Formation to
accurately identify and obtain fracture properties to produce adequate flow
predictions.
Whilst the formally accepted name is “Hawkesbury Sandstone” (Geoscience
Australia, 2020) in this study, the Hawkesbury Sandstone will be referred to as the
“Hawkesbury Formation”. This is preferred as the stratigraphic unit also contains
beds of shale, conglomerate, limestone, chert and quartzose (Pells, 2004). The
name “Hawkesbury Sandstone” is indicative of a unit entirely made of sandstone; the
term “Hawkesbury Formation” therefore is inclusive of other units. The term
“Hawkesbury Formation” will also avoid confusion when referring to the sandstone
units within the Hawkesbury Sandstone.
This Honours Thesis is part of a greater collaborative project between Southern
Highlands Structural Geology and The University of Wollongong (UOW).
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1.2 Significance
The Hawkesbury Formation forms a vital aquifer spanning across the majority of the
geological Basin of Greater Sydney (Pells, 2004). Within all aquifers there is a
continuum between porous media systems and fluid flow systems (Rust, 1987).
Aquifers containing porous media presents systematic variation in size and shape of
grains resulting in preferential flow zones (Cendon et al, 2014). The addition or
existence of fractured media within an aquifer can significantly alter flow zones and
rates (Cendon et al, 2014). Most aquifers contain some naturally fractured porous
media with a confining impermeable aquifer matrix (Cendon et al, 2014). The flow
zones within the fractured media need to be considered (Cook, 2003).
The fractured nature of the Triassic sandstone of the Hawkesbury Formation
commonly hosts unconfined perched aquifers and semi-confined aquifers that are
often separated by impermeable shale and clay units, resulting in groundwater flow
dominated by fractures and bedding within the strata (GHD, 2016).
The Hawkesbury Formation comprises mostly of friable, fine to coarse grained, well
sorted quartzose sandstone interbedded with shale lenses of limited extent. The
shale units are impermeable to flow, resulting in the presence of aquitards (Rust,
1987). Knowledge of the extent in which the shales continue and terminate laterally
within large bodies of sandstone is crucial to the characterization of reservoir flow
and bed thickness properties (Zeito, 1965). As the sandstone units are brittle,
fracture networks occur naturally therefore it is characteristic that this aquifer has
dual porosity with preferential flow dominated by secondary porosity and fracture
flow (Zaid and Al Gahtani, 2015). Due to external stress factors fractures can
develop, altering existing subsurface network interactions between pressure, stress
and groundwater movement (Ashraf et al, 2017).
Whilst there is extensive literature already existing regarding the characterization of
geological faults in respect to hydrological flow (McMillan, 2020), the notion of
fracturing occurring within stratigraphy rather than larger scale faulting and folding is
a concept rarely explored. Identifying mechanical and fracture stratigraphy results in
a clearer understanding of fracture patterns across a rock unit and a more precise
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prediction of fracture qualities away from drill cores (Laubach et al, 2009). As such,
to use our knowledge of groundwater behavior within secondary porosity and
aquifers of stratigraphic units to derive accurate predictions from manipulation of
downhole geophysical log data combined with observations and data collection from
core analyses. This will allow for a further understanding of fracture patterns and
groundwater movement throughout stratigraphic units, within the Hawkesbury
Formation.

1.3 Thesis Outline and Context
Following the introduction, this thesis presents a review of the relevant literature and
prior research surrounding the Southern Sydney Coalfields, Hawkesbury Formation
and associated hydrological characteristics including fracture parameters, fracture
porosity and hydraulic conductivity. The study area, geology, formation of the
Sydney Basin and mining history of the study area with particular emphasis on the
Tahmoor South project is also discussed. Chapter 2 outlines the methods
undertaken to complete collection and analysis of fracture and bed properties from
both geophysical and observational studies, including a detailed analysis and
creation of a model of flow properties. Chapter 3 presents the results of the study,
through core descriptions, geophysical log interpretations, the Monte Carlo
distribution of fracture parameters and the prediction of flow property distributions.
Chapter 4 discusses the results in context of relationships between fracture
properties, accuracy of the modelled predictions and in comparison, to the Tahmoor
South project including in relevance to future mining practises, whilst Chapter 5
provides a succinct conclusion for the study and highlights some topics of
recommendation for future research surrounding predicting fracture flow properties in
association to mining practises.
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1.4 Literature Review
1.4.1 Study Area
The Southern Sydney Coalfields stretches from Tahmoor in the Northern most part
to Ulladulla in the southernmost part of the coalfield as seen in Figure 1.4.1. This
coalfield contributes to the major coal resources in NSW that occupy the SydneyGunnedah Basin with the basement of the coalfields being that of the Lachlan Fold
Belt (LFB)(O’Neill and Danis, 2013).

Figure. 1.4.1: Location of Southern Sydney Coalfields in proximity to surrounding
coalfields and basins (O’Neill and Danis, 2013).
Amy Soper – The University of Wollongong

19
Due to the high longwall mining capacity in the Southern Sydney coalfields core
holes within a 30km radius around the current Tahmoor South mining area have
been chosen for this study. The locations of each core hole can be seen in Figure.
1.4.2. This area was chosen due to the favourable reservoir and geological
characteristics of this area. The continued increase in mining activity and stress
occurring is necessary to compare changes in rock and fracture structures over time.

Figure. 1.4.2: Map of study area, including location of all the cores where data was
gathered from. Observational data was gathered from the blue cores and the
geophysical analysis was carried out on all the red cores. The locality of the cores to
the Tahmoor mining area is also seen and an inset map of NSW to see exact
location on a broad scale.
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1.4.2 Geology
The geology of the Southern Coalfield consists of the Permian Talaterang Group
overlain by the Shoalhaven group, superimposed by the Permian Illawarra coal
measures, and the Triassic Narrabeen Group. These in turn, are overlain by the
Hawkesbury Formation and the uppermost Mittagong Formation (Herron et al, 2018).
A detailed stratigraphic column of the Southern Coalfields geology in comparison to
the Newcastle, Hunter and Western Coalfields can be seen in Figure. 1.4.3. The
Coal measures are often intersected by geological structures including fractures and
joints (Tonkin and Timms, 2015).
Due to the focus of this study being in the Southern Sydney Coalfields, the names of
the formations within the Southern Coalfield will only be referred to and all other
names have been modified to avoid confusion so that the equivalent formations from
the Newcastle, Hunter or Western Coalfields have been adjusted to the Southern
Coalfield equivalents.
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Figure. 1.4.3: Generalised stratigraphic column for the geological Sydney Basin
showing the main formations and coal measures and how these are correlated
Amy Soper – The University of Wollongong
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across the different coalfields (Ward and Kelly, 2013).
1.4.2.1 Formation of the Sydney Basin
The Sydney Basin is a large north-south trending basin occupying land over 250km
long, 100km wide and 2-4km in depth (O’Neill and Danis, 2013). The relatively
undeformed Permian – Triassic rock sequences characterize the basin covering an
area of approximately 37,000km2 onshore and 15,000km2 offshore (O’Neill and
Danis, 2013).
The structural framework of the Sydney Basin involves structural elements of the
onshore Hunter Valley Dome Belt, Hornsby Plateau, Blue Mountains Plateau,
Cumberland Basin with associated sub basins and the Sassafras, Woronora,
Illawarra, and Boyne Mount plateaus. The offshore principal elements of a syncline,
extension of the Newcastle syncline, extension of the New England Fold Belt and
uplift of the Currarong Orogen are also included in the structural characterization of
the basin (O’Neill and Danis, 2013).
The sedimentary sequences that derive the Sydney Basin including Wianatta Group,
Mittagong Formation, Hawkesbury Formation, Narrabeen Group, Illawarra coal
measures, Shoalhaven Group and Talaterang Group (Figure. 1.4.3) are deposited
on the LFB erosional basement surfaces as part of the greater Australian rift and
foreland basin system that extended largely over New South Wales and Southern
Queensland.
These sedimentary sequences began during the Late Carboniferous where
extensive volcanism and rifting deposited coarse volcanic debris to the east of the rift
(Kuttung Volcanics), followed by the deposition of fluvioglacial conglomerates, and
diamictite in eroded valleys of the LFB basement rocks from alpine and valley glacier
systems (Talaterang Group). Thick basaltic and rhyolitic sequences were deposited
due to continued volcanism into the early Permian (O’Neill and Danis, 2013). Marine
deposition and coal measures became characteristic once volcanism subsided In the
late Permian subsidence and transgression of the marine deposition occurred
(Lower Shoalhaven Group). Movement of the Early Permian Sea over the LFB
resulted in the mass erosion of boulders and pebbles from coastal cliffs with the
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occurrence of another regressive – transgressive episode (Shoalhaven Group)
(O’Neill and Danis, 2013). The Permian sequences progressed into a failed rift
fracture and led to major uplift in the mid Permian.
After uplift in the Permian the deposition of large amounts of marine and terrestrial
sediments over three major regressive episodes occurred. This episode of rifting in
the Triassic included the most important coal (Illawarra coal measures) to undergo
sediment deposition that was sourced from deltaic environments of the New England
Fold Belt. The Narrabeen group characteristic of lithic sandstone, shale and
conglomerate was formed in the late Permian to middle Triassic from three episodic
environment depositions as major alluvial, fluvial and deltaic system prograde.
Erosion of these sediments occurred in the southern region of the basin due to uplift
of the LFB (O’Neill and Danis, 2013).
The middle Triassic saw the deposition of coarse quartz rich Hawkesbury Formation
in an alluvial environment derived from Devonian quartzites and graphite commonly
found through the sandstone. The Wianamatta Group is the last layer of
development of the Sydney Basin characteristic of continuous succession of
environments directly related to tectonic development. Therefore, it has been
concluded that the deformation of the Sydney Basin was completed by Mid- Triassic
deformation (O’Neill and Danis, 2013). The layering of the stratigraphy of the Sydney
basin is seen in Figure 1.4.4.
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Figure. 1.4.4: A schematic cross section of the Permian to Triassic sedimentary
sequences in the Sydney Basin, NSW (Danis, 2012).
1.4.2.2 Hawkesbury Formation
The Hawkesbury Formation represents a large sheet-like Triassic deposit of a
flowing braided river system extensively exposed throughout the Sydney Basin
(Rust, 1987). Unidirectional paleo flow and a depositional time frame of about 2.5
million years indicates fluvial deposition characteristic across a wide, flat, alluvial
plain. A braided fluvial system is evident through low paleocurrent variance,
abundant erosional surfaces and sheet like characteristics (Rust, 1987).
Most of the sandstone is medium to very coarse grained with tabular and trough
cross-bedding present as a result of river migration. Three common facies have
been distinguished: stratified sandstone, massive sandstone and minor mud rock
assemblage (Rust, 1987).
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Thick sequences of trough cross bedding bounded by erosional surfaces dominate
the stratified sandstone assemblage (Rust, 1987). Changes in the paleocurrents
between channel sequences are also observed including in some cases, fining
upwards into mud rock and planar cross-stratal sets overlain by trough sets,
indicating avulsion of a major channel system (Danis, 2012). The massive sandstone
assemblage is characteristic of elongated erosional features containing large mud
rock intraclasts with a transverse orientation to paleo flow (Danis, 2012). The mud
rock assemblage is a result of a floodplain deposition with ripple and horizontally
laminated features of fine sandstone, siltstone, shale and minor mudstone (Danis,
2012).

The Sydney Basin is comprised significantly of the Hawkesbury Formation,
approximately 20,000km2 (Danis, 2012). The Hawkesbury Formation has an almost
uniform thickness of 230m, reaching a maximum of 290m thick in some locations
and consists predominantly of quartz and erosion resistant quartz cement, thus is
responsible for the stable cliffs that form the top of the Illawarra escarpment (Danis,
2012). Evidence of little to no depositional break across the Narrabeen-Hawkesbury
contact in the Sydney Basin is observed though the mud rock in the upper most
Narrabeen Group resembling the mud rock assemblage of the lower Hawkesbury
Formation (Ward, 1980).
Due to the thickness and lack of fracturing observed in the Hawkesbury Formation it
is seen to be structurally sound for modern foundations and construction. Due to the
porous, permeable and widespread nature of the Hawkesbury Formation it is
considered a decent groundwater aquifer that could supply water to surrounding
populations (Danis, 2012).

The Hawkesbury Formation acts as a confined aquifer underneath the Wianamatta
Formation and as a groundwater recharge zone where it is exposed at the surface
(Ward, 1980). Evidence of this aquifer and groundwater movement is seen through
the presence of iron staining left behind from the flow of oxygenated groundwater,
causing an iron – iron oxide reaction (Ward, 1980).
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1.4.2.3 Mechanical and Fracture Stratigraphy
Correctly identifying fractured rock mass, factors of lateral persistence and vertical
connectivity can significantly enhance knowledge of subsurface and surface water
flow. The collection of fracture data from boreholes is used to identify both
mechanical and fracture stratigraphy to develop predictive models of fracture
intensity to a high degree of accuracy (La Pointe, 2010). To understand and
accurately predict fracture patterns it is important to distinguish between mechanical
and fracture stratigraphy. Mechanical stratigraphy divides rock units through
properties including tensile strength, stiffness, brittleness and fracture mechanics
which is a by-product of depositional composition, chemical and mechanical
alteration and interfaces after deposition (Laubach et al, 2009). On the other hand,
fracture stratigraphy divides rock units based on the extent and intensity of fractures
and/or other observable fracture attributes, thus reflecting specific geological events
or failure of mechanical stratigraphy (Laubach et al, 2009). Figure.1.4.5 is an
example of mechanical stratigraphy. It can be difficult to sample subsurface fracture
patterns therefore associations between mechanical, stratigraphic properties and
distribution of fractures is vital for extrapolating fracture attributes away from
sampled boreholes.
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Figure. 1.4.5: Example of mechanical stratigraphy from Austinmer Beach, NSW. Red
lines show the boundaries between sedimentary layers. The images show how some
layers have only a few large, vertical discontinuities (systematic joints), whereas
other beds contain masses of smaller fractures (cross joints). Many of the
discontinuities do not travel through the whole rock sequence (they are described as
“bed bounded”). Right image shows a close up view of the left image. The scale bar
is 3 cm x 10 cm.
Many past studies of stratigraphic layer shapes, folding, and response to
deformation have contributed to observed differences in structure and mechanical
characterisation of rocks. Price (1966) was the first of many to investigate the
concept of stratigraphic and mechanical controls, specifically bed thickness on
fracture occurrence. This allowed further understanding of how open-mode fractures
such as joints are affected by mechanical properties. More recently, Odoone et al
(2007), validated the fracture spacing to bedding thickness relationship proposed by
Price (1966), also concluding that joint apertures appear to be controlled by the
vertical dimensions of joints. Indicating the longer vertical joints are, the wider the
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joint apertures appear to be. Mechanical stratigraphic properties including
brittleness and bed thickness have also been found to impact the dimensions
(height, length and aperture) and spatial arrangement of fracture occurrence
(Odoone et al 2007). Underwood et al (2003), highlights that brittleness of a rock
determines how likely a fracture is to form under certain stress, as the harder and
stiffer rocks require greater stress. The aperture and orientation of fractures is also
highly dependent on the stress regime (Underwood et al, 2003). The more stress
that is applied during and after fracture formation, the wider the fractures are likely to
be. This study also states that bed thickness controls the initiation and termination of
fractures, as they are bed bounded and therefore can only propagate to a length
equal to the bed thickness (Underwood et al, 2003). Therefore, larger, thicker beds
are likely to have longer fracture and fracture networks. Shackleton et al, (2005)
further investigated this notion, concluding that mechanical properties evolve with
diagenesis and the changes that occur during lithification affect joint-network
architecture by making the networks propagate or collapse depending on the form of
diagenesis and thus alter fluid-flow pathways in stratigraphic sections. Therefore, the
thickness of mechanical layering is a key component to modelling fracture patterns
as when combined with cement precipitation it influences fracture dimensions,
locations and size of open fractures (Olson, 2004).
Bed thickness is the prominent mechanical property used to derive fracture and fluid
flow patterns, the bed thickness of the Hawkesbury Formation has been previously
determined as >5m by Pells (2004) and Cendon et al (2014) describes individual
sandstone beds that form as elongated lenses to consist in average thicknesses up
to 15m.
Based on these findings and predictions, using mechanical and fracture properties to
determine subsurface flow is more widely accepted than other methods including
matrix porosity. In large formations such as the Hawkesbury Formation different rock
types are often separated by stratigraphic boundaries, often representing mechanical
contrast which may be related to fracture propagation (La Pointe, 2010). These
mechanical properties are best interpreted from well log geophysical data analysis
and/or rock sample analysis. When analysing the mechanical and fracture
stratigraphy of a formation for changes in subsurface water flow, differences in
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fracture types need to be considered. This is so conclusions can be drawn based on
the natural existing subsurface water flow and the changes that may occur to these
flow patterns when induced fractures occur from heavy industry influences such as
longwall mining. When fracture patterns and intensity increase, the fluid flow
properties of the stratigraphy can be significantly altered (Olsen, 2004).

1.4.3 Groundwater and Hydrological Characteristics of the Hawkesbury
Formation
Groundwater
Groundwater is a valuable resource found in aquifers (Singhai and Gupta, 2015).
The occurrence and movement of groundwater is highly dependable on the
geohydrological characteristics existing in formations on the subsurface level. The
variations in texture, lithology and structure of these subsurface formations greatly
influence hydrological characteristics (Singhai and Gupta, 2015). The amount of
groundwater moving through the subsurface is often a result of the fracture networks
present. The more connected and larger the fractures and networks are, the greater
the groundwater yield (Witherspoon, 1986). Approximately 40% of groundwater in
Australia is stored in fractured rock aquifers (Singhai and Gupta, 2015).
Characterising groundwater flow in fractured rock aquifers is difficult but important to
better understand how flow yields are likely to change with changes to fracture
networks.
As groundwater is found in fracture networks that cut through a rock matrix, it is
common for groundwater to be discovered and inflow events to occur when drilling or
digging at depths as the drilling intersects these fracture networks where
groundwater occurs (Cook, 2003).

Hydrological Characteristics
The Hawkesbury Formation and unconsolidated alluvial material contain locally
important aquifers associated with present drainage networks and coastal deposits.
Across the Sydney Basin, sandstone units act as porous, fractured rock aquifers with
associated shales and siltstones behaving as aquitards. Thus, the Hawkesbury
Formation is considered an important geological unit for groundwater movement.
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The different facies associated with the Hawkesbury Formation possess different
Hydrological characteristics as seen in Table 1.4.1 (Cendon et al, 2014).

Table. 1.4.1: Summary table of the different facies and associated structure and
characteristics of each facies of the Hawkesbury Formation (Tammetta and Hewitt,
2004).
Facies
Sedimentary
Lithology
Hydraulic
Structure
Characteristics
Massive
Little or no
Poorly sorted, fine Reduced
structure; with
to medium size
permeability.
erosional base
sands, dispersed
Lower primary
gravels and
macro-porosity
claystone
compared with
fragments
Sheet Facies
Sheet or
Large-scale
Medium to coarse The most
Stratified
foreset cross-beds sand grains bound permeable of the
occurring in sets
by silica cement
three facies due to
and inclined at
with minor siderite coarser grainsize,
about 20 ° to the
better sorting,
north-east; with a
cross-bedding
conforming base
structures and sets
Mudstone
Laminated.
Laterally uniform
Low permeabilities
Commonly
planar black
and formation of
terminated laterally laminated
local aquitards
by erosion
mudstone with thin
surfaces and
interbedded grey
overlain by
siltstone.
massive facies;
Mudstone facies
typically 0.3 to 5 m form shales lenses
thick
accounting for
about 5% of beds

Previous studies on the permeability and hydraulic conductivity of the Hawkesbury
Formation have resulted in mean of hydraulic conductivities to range between
0.5m/day at the surface to 0.01m/day at 50m depth (Ross, 2014). These results
correlate to the high porosity and permeability found within the Hawkesbury
Formation. Viable groundwater resources have also been identified to have bore
yields of up to 3.5ML/day (Hawkes et al, 2009; Ross, 2014). In the southern margin
of the Sydney Basin, aquifers within the Hawkesbury Formation have been identified,
with underlying shales from the Shoalhaven Group creating a basal aquitard. In this
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instance slightly higher hydraulic conductivity ranging from 0.1 to 0.5m/day is
observed. This data reflects the weathered, friable nature of the sandstone
(Aquaterra, 2011).
The defining characteristic that separate units as being an aquifer or aquitard is the
permeability of the rock unit. Units that are impermeable are considered aquitards as
the flow of liquid is restricted (Tammetta and Hewitt, 2004). One way to identify this
in a specific rock unit is to look at stress factors with particular focus on how the
material responds when stress is applied. Brittle materials are known to fracture with
little elastic deformation, commonly observed in sandstone and conglomerates. On
the other hand, ductile material is known to undergo plastic deformation under
factors of stress without fracturing, commonly observed in siltstone and shale. The
stress conditions placed on the brittle rock causes defects to occur, thus affecting the
permeability characteristics of the rock (Tammetta and Hewitt, 2004). Added stress
from exploration and mining activities can cause increased defects thus altering
permeability and conductivity characteristics of rock facies.
To analyse the interaction between aquifers and confining layers throughout the
Sydney Basin a proposed hydrogeological conceptual model is used (Bradd et al,
2012). This conceptual model suggests an anisotropic system where groundwater
flow horizontally has the capacity to flow significantly through more permeable
bedding planes than vertical groundwater flow. Vertical flow is expected to occur to a
degree, particularly through joints and fractures, thus suggesting groundwater flows
downwards in a step-wise fashion through a network of aquifers linked through
vertical and horizontal conductivity as this model assumes a system of perched
aquifers that are underlain by less permeable strata, commonly seen in the
Hawkesbury Formation (Bradd et al, 2012). The impact on aquifer connectivity on
ground water flow paths of vertical jointing can be seen in Figure. 1.4.6, an example
of the conceptual model.
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Figure. 1.4.6: A conceptual model for the occurrence of perched aquifers in the
Hawkesbury Formation and vertical flow enhanced by vertical jointing (Bradd et al,
2012).
The confining stratigraphic layers within the Southern Coalfields have been
suggested to limit and disconnect shallow alluvial aquifers from deep sedimentary
aquifers found within the coal measures (Parsons and Brinckerhoff, 2011).
However, other studies by Madden and Merrick (2009), suggest due to the impacts
of longwall mining there is an elevated amount of vertical connectivity occurring
between the confining layers and deep aquifers. This impact is also seen to affect
surface waters. Bradd et al (2012) highlights the importance of the Bald Hill
Claystone as a major aquitard in the Southern Coalfields as it occurs directly below
the main aquifer of the Hawkesbury Formation. Thus, it is seen to limit the flow of
ground water from the Hawkesbury Formation into deeper aquifers, having the
potential to protect the above groundwater from impacts of mining (Bradd et al,
2012).
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1.4.3.1 Inflow events
The Tahmoor South Colliery has been faced with numerous inflow events due to
encountering geological structures (faults and fractures) during longwall
development. The development of the initial access to the mine in the 1970’s
encountered fault structures initiating minor inflows of up to 0.2ML/day, further
inflows were continually expected as the mine shafts were driven through the water
table and water bearing Hawkesbury Formation (Tonkin and Timms, 2015). At 37m
depth in one of the developing shafts, water spouted 20m up the shaft with an
estimated inflow of 1.8ML/day (Fawcett and Rose, 1978). The source of this inflow
was found to be a void within the sandstone which was under considerable amounts
of pressure. Further inflows encountered were attributed to the disruption of the fault
zone within the Hawkesbury Formation (Fawcett and Rose, 1978). Inflows have not
occurred in the Tahmoor South Mine in over 25 years due to a few possible reasons
including increasing depth of mines, as the inflows were encountered when the
mines were operating at depths less then 100m, improved mine design, subsidence
management and higher stress regimes (Tonkin and Timms, 2015).
1.4.3.2 Porosity and Transmissivity (Permeability)
Porosity, a quality found in rocks is used to measure the void or empty spaces in a
volume of bulk rock or unconsolidated sediment (Cargo and Mallory, 1979). This is
often determined as a fraction from volume of empty space in comparison to total
rock volume and expressed as a percentage. Porosity has a typical range based on
different geological materials, as seen below in Figure. 1.4.7 (Cargo and Mallory,
1979).
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Figure. 1.4.7. Most likely variations and ranges of porosity that would be found in
rocks (blue) and unconsolidated materials (red) expressed in % (Cargo and Mallory,
1979).

Sedimentary rocks generally range from 0-30% porosity, this also includes fracture
porosity (Cargo and Mallory, 1979). The variation in porosity is a result of the grain
size, sorting, compaction and degree of cementation of the sediments and rocks.
These factors affect the fraction of porosity and thus the ability of these rocks to
transmit and store fluids (Cargo and Mallory, 1979). Therefore, Porosity is indicative
of how much fluid movement and storage can occur within the rock or sediment. The
most common fluid found in these pore spaces is water. Other resources such as
gas and oil can also be found in the porosity of reservoir rocks. These properties and
the quality of porosity hold significant interests for petroleum and groundwater
research with emphasis on the impact of resource extraction. The impact of
extraction on the surrounding geology and associated qualities is an important factor
to consider in comparison to the cost of developing these resources (Boggs, 2009).
Porosity is important in exploration and production industries as it can be utilised to
determine the size of the reservoir through the volume of porosity and the ease with
which the resource such as oil will flow to the wellbore to mine it out of the ground.
This is where permeability comes into significance.
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Permeability is a measure of the ability or capacity of a porous material including
rock or sediment to transmit fluids through a geologic material and the relative ease
with which the fluid moves (Cargo and Mallory, 1979). This is often referred to as
transmissivity and can be determined through depth of penetration and quantity of
liquid or gas passing through the material, thus is a directly related property to
porosity. Having knowledge of groundwater and porosity is also crucial to the
success of many large-scale underground coal mining operations as the prediction of
water inflows and avoidance of hitting groundwater reservoirs is a major component
of mine design phase. This will prevent groundwater contamination, subsurface
flooding and reduce risk to the mining and local community (Zhao et al, 2017).
Porosity can be either classed as primary or secondary. Primary porosity is
presented by the spaces or voids between the sediments or rock whereas,
secondary porosity is that which has developed after a rock has formed and thus
refers to openings that are created, commonly including fracture porosity (Tiab and
Donaldson, 2016). Fracture porosity produces mostly small volume fractures by
tectonic fracturing of rock. Whilst the fractures themselves are small they can
enhance the permeability of the rock significantly (Tiab and Donaldson, 2016).
Fracture porosity is common as most geological formations in the upper crust are
fractured. Fractures in a formation are indications of mechanical failures of the rock
strength to both natural and manufactured geological stresses including tectonic
movement, thermal stresses, fluid pressure changes and drilling activity (Tiab and
Donaldson, 2016).
1.4.3.3 Previous Fracture Porosity and Transmissivity Data for the Hawkesbury
Formation
Fracture porosity of the Hawkesbury Formation around the Sydney Basin has been
loosely determined in niche studies. The fracture porosity of a range of different
sandstones is more widely found. Common methods to determine fracture porosity
include an array of equations that require input parameters such as fracture
orientation, fracture spacing, fracture aperture, density porosity, sonic porosity and
hydraulic properties. Nelson (1983) derives fracture porosity of any sandstone body
as a function of fracture width and spacing, indicating that fracture porosity is
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generally less than 0.5%. O’Neill and Danis (2013) determined the fracture porosity
of fractured rock bodies within the Hawkesbury Formation in greater Sydney to range
from less than 1% - 10%, using equations that identified density and sonic porosity
as functions of fracture porosity. El-Naqa (2001) derives fracture porosity to be a
function of kinematics porosity which is dependent on penetration of joint sets, the
frequency and aperture of core holes being tested. Using these inputs, a fracture
porosity of Cambrian sandstone rock masses in Jordan is found ranging from
0.000806% to 0.026% (El-Naga, 2001).
Previous calculations of transmissivity (secondary permeability) are difficult to
source, mostly due to the term transmissivity being interchangeably used alongside
hydraulic conductivity. The Tahmoor south project uses core hole analysis to
determine horizontal and vertical secondary permeability of the Hawkesbury
Formation with an average of 0.00000015m/s (1.5e-07) for horizontal and
0.000000031m/s (3.1e-08) for vertical permeability (SCT Operations, 2015).
Dendrobium mine project derived secondary permeabilities/ conductivity values that
ranged from 0.0001m/d to 0.5m/d in Area 3B (Nepean catchment) and from
0.000005m/d to 0.1m/d in the Appin area (South32, 2016).
In comparison to the Secondary porosity and transmissivity, the primary porosity and
permeability of the Hawkesbury Formation has been determined in numerous
different studies. Whilst the secondary properties are the focus of this study, the
primary properties are still of significance. A summary of the previous primary
porosity and permeability values is seen in Table. 1.4.2.
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Table. 1.4.2. Summary of the previous primary porosity and permeability values for
the Hawkesbury Formation.
Previous results of the Primary Porosity and Permeability of the Hawkesbury
Formation.
Authors
Method
Results
Liu et al, (1996).

Al Gahtani, (2012)

> 1228 core plugs taken
to determine horizontal
and vertical permeability
and porosity, computer
simulations to document
reservoir effects

> Porosities ranging from
5 to 20% and
permeabilities range from
0.1 to 1200 md.

> Thin section vacuum
impregnation and point
counting

> Porosity of HS is most
primary (0- 19.3%),

> scanning electron
microscope and x-ray
diffraction
> Helium injection
porosity

Mayne et al. (1974)

Griffith (1986)

> Air permeability and
density determinations
> Average effective
porosity from 2 plugs (%
bulk volume)
·
> Fluid saturation (% of
pore space) using water
and oil
> N/A (Not specified in
material available)

> HS helium porosity
ranges from 2.6% to
26.6% and air
permeability values of
0.2, 22.3 and 1.1md.
> Density porosity up to
18.3%
> Porosity in HS between
8-18%
> Very low permeability
due to lack of sorting
> 5 – 10% porosity in the
massive channel sands

Franklin (2000)

> N/A (Not specified in
material available)

> Porosity of both
weathered (10%)and
unweathered (5%)
sandstone

Freed (2005)

> thin section and point
counting analysis

> Porosity does not
exceed 9.1%
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Gentz (2006)

> Helium and point
counting porosity

> Average porosity of
6.6%

Zaid and Al Gahtani (2015)

> 32 samples from 2 wells
(EAW 18a and EDEN 115)

> Porosity values range
between 0% to 19.3%, while
permeability values of most
samples range between 0.2
md and 22.3 md.

> Blue epoxy-impregnation,
point counting, helium
porosity and model analysis

From reviewing the literature there is some apparent confusion with porosity and
interchange between meanings behind permeability, transmissivity, and hydraulic
conductivity. In this study porosity is referred to as fracture porosity (secondary
porosity) meaning porosity which has developed after a rock has formed and thus
refers to openings that are created (Tiab and Donaldson, 2016). Permeability is
rather referred to as transmissivity which refers to the ability of material to transmit
fluid through pore and fracture spaces and Hydraulic Conductivity is referring to the
rate of ease in which the fluid material moves through the spaces (Zhao et al, 2017).
1.4.3.4 Hydraulic Conductivity
As aquifers are characteristic of the Hawkesbury Formation, subsurface groundwater
flow is common (Fryar and Mukherjee, 2021). The hydraulic Conductivity of a rock
mass is an important parameter for the prediction and estimation of subsurface water
flow properties, as hydraulic conductivity is a direct measure of the ability of material
to transmit fluid through pore and fracture spaces (Zhao et al, 2017). The
measurement is a combination of both the conductivity of the rock matrix and the
conductivity of the discontinuities (joins and fractures). Whilst hydraulic conductivity
is a coefficient of permeability it is defined through the size, shape and
interconnection of pores to derive the rate of fluid movement (Driscoll, 1989). High
hydraulic conductivity values are often associated with aquifers as water is readily
transmitted to wells and springs whereas low conductivity values are characteristic
within confining (ductile) units that separate unconfined aquifers from deeper
confined aquifers. Hydraulic conductivity is one of the most important parameters to
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obtain when looking at groundwater flow however, it is considered highly variable of
up to several orders of magnitude within the same aquifer or same material type (Lu,
2015). Thus, understanding the validity and context of the individual results is crucial
to accurate evaluation of representative conductivity values.
Whilst mining activities are thought to increase the extent and number of
discontinuities within a rock unit as well as stress, the natural pre-existing
discontinuities can have a significant effect on hydraulic behavior within an
environment of low to moderate stress (SCT Operations, 2015). Flow within a rock
mass is generally considered to primarily occur through the network of
discontinuities, however as the Hawkesbury Formation is characterized by high
matrix porosity it is common to have flow through the rock fabric at similar
conductivity levels as the discontinuities. High matrix porosity is a result of
interbedding within the rock unit due to variation in grain size. Analysis of horizontal
and vertical conductivities are useful indicators on the degree of interbedding within
the unit as greater conductivity will be experienced in samples parallel to the bedding
bands (SCT Operations, 2015). Data from the Illawarra Coal Measures including
Tahmoor South have found in some instances horizontal conductivity is up to eight
times magnitude greater, indicating bedded or laminated units. This variability
relationship is highly dependent on rock type and is expected within the Hawkesbury
Formation (SCT Operations, 2015).
1.4.3.5 Aperture
The aperture or width of fractures is important in creating fracture simulations as it
describes the perpendicular distance of an opening discontinuity (join or fracture)
separating adjacent rock. However, fracture aperture is very difficult to constrain.
Limited previous studies have indicated a large variation of aperture within the
Hawkesbury Formation as widely spaced joints of up to 1m have been observed
(Dale, 2015). An aperture size ranges from 0.3mm to 100mm for sub-vertical and
0.3-500mm for sub-horizontal defects, but generally smaller than 0.5mm has been
observed by Dale (2015). Whilst Bertuzzi (2014) states aperture of the Hawkesbury
Formation of varying classes (shape, roughness) in jointing and bedding areas is
generally <1mm. The hydraulic conductivity study of jointed rocks in Tahmoor Mine
found at a depth of 0-100m (the Hawkesbury Formation) the aperture was an
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average of 0.1mm (SCT Operations, 2015). The difficulty of constraint is due to
confining pressure variation as fracture aperture is highly dependent on magnitude of
stress. In high stress conditions the aperture is reduced (closed), meaning there is
less space between adjacent rock, constricting flow whereas, at low stress
conditions the aperture is open in relation to the characteristics of normal stiffness
and discontinuities of the rock (SCT Operations, 2015).
Aperture is responsible for controlling both fracture porosity and hydraulic
conductivity in flow equations (Nelson, 2019). When modelling flow through fractured
rock aquifers the dual nature of the aquifer indicates fluid exchange between both
porous matrix and discontinuities. When considering the dual nature of the flow the
parameters of fracture aperture and spacing between fractures are used to calculate
flow through a set of fractures (Kresic, 2010).
1.4.3.6 Fracture Spacing
Fractures are commonly distributed in accordance with the characteristics of the rock
layer in which they form, commonly found as a result of brittle fracturing of a rock
bed due to tensile and compressional stresses (Fossen, 2019). When the stress is
applied, the rock fractures in a plane parallel to the maximum principal stress and
perpendicular to the minimum principal stress (Fossen, 2019). Fractures formed
under the same tectonic stress are seen in the same fracture set as either parallel or
subparallel in relation to each other. The Hawkesbury Formation commonly contains
fracture networks with spacings linearly related to the thickness of the sandstone
layers. The relationship between bed thickness and fracture spacing is a result of
stress distribution between adjacent fractures (Bai and Pollard, 2000). Within
sedimentary rocks the spacing between two adjacent fractures of the same set are
measured perpendicularly to determine distance between fractures, revealing
fracture spacing of sandstone can range from less than 0.1m to greater than 10m
and is roughly proportional to the thickness of the rock layer (Bai and Pollard, 2000).
Within a fracture network different joints form as a result of spatial relationships. The
main joints formed are systematic (master) joints and non-systematic (cross) joints.
Systematic joints are considered planar, parallel and repeat themselves with equal or
irregular spacing whereas, non-systematic joints commonly form between and
perpendicular to systematic joints with irregularities in respect to geometry,
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orientation and spacing (Fossen, 2019). An infield example of systematic and nonsystematic joints can also be seen in Figure 1.4.8 (Fossen, 2019).

Figure. 1.4.8. Examples of joint systems. A is a schematic representation of
systematic and non-systematic joints found in fractured rocks (Nelson, 2019). B is an
annotated vs raw photograph of Systematic and non-systematic joints at Wollongong
City Beach, NSW.)
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1.4.3.7 Previous Studies and Calculations of Hydraulic Conductivity
Geometric properties related to discontinuities including fracture spacing and
aperture are responsible for the magnitude of hydraulic conductivity and are
therefore vital parameters in flow predictions. The estimation of hydraulic
conductivity is commonly determined through lugeon style packer tests or core
permeability testing. Core permeability testing focuses on the permeability or
transmissivity within a sub-core thus only capturing a relatively small sample. This
method results in highly dependable data due to the sub-core location only capturing
a small section in comparison to the nature of lithological variability across a rock
unit (SCT Operations, 2015). This method is not considered accurate in capturing
flow as flow is highly anticipated by fracture networks and if the network is not
intersected in the section where the subsurface core is located the flow is likely to be
reduced as the estimation will not account for discontinuities, therefore does not
provide an accurate estimation of the hydraulic conductivity of fractured reservoirs.

Lugeon style packer tests are used to determine the hydraulic conductivity of the
strata throughout the stratigraphic sequence. Packer tests are commonly used by
exploration companies and measure the constant water-pressure of a selected test
section isolated through packers (Hamm et al, 2007). This method produces much
less variation in results as it determines hydraulic conductivity and fluid flow
properties in different sections adjacent to the corehole, thus captures and estimates
the entirety of the unit including both matrix and discontinuities (Hamm et al, 2007).
Packer tests provide valuable information about flow and average hydraulic
conductivity (non directional) of jointed rocks at varying depths to derive relationships
between depth and conductivity. Generally, with depth, overburden increases thus
directly increasing confining stress resulting in a reduction in conductivity.
Table. 1.4.3 is a comparison between the lugeon packer test results and core
permeability results of hydraulic conductivity form the Tahmoor South EIS. It is
observed from the results that the horizontal and vertical permeability has little range
in values in comparison to the lugeon packer test results. This is indicative that
fracture flow is not accurately accounted for in this method.
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Table. 1.4.3. Comparison of hydraulic conductivity values from lugeon packer and
core tests from the Tahmoor South EIS (SCT Operations, 2015).
Test Type

Minimum Value
(m/d)

Mean Value (m/d)

Maximum Value
(m/d)

Lugeon Packer

0.00000086

0.041

0.45

Core (Horizontal)

0.01296

0.013824

0.013824

Core (Vertical)

0.0027

0.0067

0.010

1.5 Mining History
The extraction of coal in the Southern Sydney Coalfields accounts for approximately
two-thirds of coal produced in the Sydney Basin. The coal in the Southern Coalfields
is extracted mainly from the Bulli Coal seam where premium quality, generally low to
high volatility bituminous, hard coking coal is characteristic (McVicar et al, 2015).
Coal mining commenced in the region in 1857, producing approximately 11 million
tonnes of coal per annum (Mt/a) (Tonkin and Timms, 2015). Appin – West Cliff,
Dendrobium, Wongawilli, Russell Vale, Metropolitan and Tahmoor are the six mines
operating in the Southern Sydney coalfields, extracting coal from underground,
longwall mining practises (NSW Department of Industry, Skills and Regional
Development, 2014).
1.5.1 Tahmoor South Project
Tahmoor Coal Pty Ltd is an underground coal mine owned and operated by SIMEC
mining. The mine employs just over 400 people and has been in operation since
1979 (Campbell, 2015). Tahmoor mine extracts predominantly hard Coking coal from
the Bulli coal seam just south of the township of Tahmoor in the Southern Highlands
of NSW. Tahmoor Coal had previous consent to produce up to 3 million tonnes of
Run of Mine (ROM) coal per annum, which has undergone expansion due to
approval of the Tahmoor South Project (Campbell, 2015).
The Tahmoor South project involves the extension of the underground coal mines in
operation. This will extend the life of the mine for another 10 years, with the
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extension heading south towards Bargo. This has the potential for coal extraction of
up to 4 million tonnes of Run of Mine (ROM) coal per annum (Campbell, 2015).
The coal is extracted using the longwall mining method. This method involves the
coal seam being cut in slices (Mitchell, 2009). Whilst this method reduces miners
required underground it can result in disruption to rock and unconsolidated
sediments (Mitchell, 2009). With the expansion, there is possibility of longwall mining
occurring directly under sensitive features including rivers, significant heritage areas,
and Metropolitan areas. An Environmental Impact Statement (EIS) was prepared
and reviewed accommodating for possible greenhouse gas emissions, land clearing
and subsidence impacts (Campbell, 2015). Investigations need to be taken into the
local geology for factors of porosity to predict how the longwall mining expansion will
impact the environment.
The disruption of longwall mining can affect natural groundwater movement and
quality (Mitchell, 2009). Therefore, it is important to have extensive knowledge of the
groundwater and porosity characteristics of the surrounding rock and sediments.

1.5.2 Impact of Longwall mining on surface and subsurface water bodies
Longwall mining instigates ground movements that have the potential to damage the
hydrological balance over a widespread zone. The large scale of coal removed in a
sheet like fashion causes mining induced stress and strain on the surrounding
geology, initiating adverse impacts to surface and subsurface water bodies (Newman
et al, 2017). Tensile cracks and fractures seen on the surface are the most common
forms of mining induced strains. The typical result on the hydrological environment
due to this mining practise is a drop in the groundwater table resulting in water loss
to the surface flow and depletion of overlying aquifers through alteration of water flow
paths and groundwater downdraw. Examples of this have been seen in 1994, where
water flow in the Cataract River of Australia ceased because of longwall operations
resulting in mining-induced strains such as rupturing and buckling of the bed causing
blockage and alteration of water flow into subsequent fractures (Pells, 2016).
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Longwall mining also has the potential to alter the secondary (fracture) porosity,
causing alteration to the hydraulic conductivity and fracture transmissivity of a rock or
sediment (Newman et al, 2017). Understanding the characteristics of porosity of the
surrounding areas directly associated with longwall mining is crucial in preventing the
drainage and disruption to both surface and subsurface water bodies. Figure. 1.5.1
are some photographs of some rock falls seen to occur above longwall mining.
Whilst it is not confirmed that longwall mining has caused these rockfalls, they have
occurred during mining operations (SCT Operations, 2015).
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Figure. 1.5.1. Examples of sandstone cliff faces mined under by longwall operations.
Minor rock falls and fracturing can be seen in the images (SCT Operation, 2015).
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1.5.3 Science in Mining Approvals
Science is significant in providing adequate field data towards understanding and
managing the impacts of mining and associated activities on groundwater dependent
ecosystems (GDEs). A crucial component of mine approvals is often the
identification, monitoring and management of the impacts mining may have on GDEs
along with minimisation techniques as risks and negative impacts arise. Predictive
models are commonly used to analyse potential impacts and uncertainties of the
proposed mining operations (Currell, 2017). In Australia many conflicts arise
surrounding groundwater being the sole source in which regional communities and
ecosystems rely upon. As aquifers and connected steams and waterbodies may be
impacted from lowering of the water table, this commonly occurs when both open pit
and underground mining activities occur in the immediate and surrounding locations
of the groundwater.
There are cases where scientific advice and data have been ignored. In May of 2020
the Carmichael coal mine in the Galilee basin, Australia was approved after a
lengthy process of almost a decade. This was controversial as the long approval
process was due to the considerable threat the mine would pose to the closely
situated Doongmabulla Spring Complex (Currell, 2017). The source of water for
these springs remains questionable and was advised by research and data as a
considerable impact as the groundwater source of the springs could be drained is
disturbed, thus could possibly be affected by nearby mining. A similar example of
this is the Thirlmere lakes that have been close to empty for a considerable number
of years, running in conjunction with long wall mining occurring less than a kilometre
from the lakes (Currell et al, 2020). However, the water level is known to naturally
fluctuate over time. The decrease in water level could also be a result of decrease in
the water table due to lack of rainfall or change in lake morphology (Currell et al,
2020). Further investigation is needed to determine the cause of water level drop of
the lakes.
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1.6 Aims and Objectives
The aim of this project is to characterize the architecture of fracture networks and
relate these properties to subsurface and reservoir flow. This can be achieved
through the analysis of observational and geophysical sourced core data within the
Tahmoor area (Figure 1.4.2) to derive bed thickness of sandstone units within the
Hawkesbury Formation and predict the natural average fracture spacing of the
sandstone units prior to subsidence. From the projection and prediction of fracture
parameters, further predictions, and inference of flow properties of the Hawkesbury
Formation including fracture porosity and hydraulic conductivity can be distributed.
Finally, the analysis of the predicted distributions can be compared against results
achieved by the Tahmoor South project for validity and accuracy of the model. The
creation of the model is derived from methods of both mechanical and fracture
stratigraphy to understand and characterise in the Hawkesbury Formation.
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2. METHODS:
2.1 Geological Observations
Observational based data was used to obtain quantitative fracture characteristics.
Spatial and geometric fracture descriptions are commonly observed from drill cores
(Aarseth et al, 1997). Many characteristics and measurements taken from cores can
be used to define controls when modelling fracture population, frequency, and
overall distribution.
The Digital Imaging Geological Survey (DiGS) online resource was an important
initial starting point of this study. To generate the observational data, cores holes
within the study location were examined online for accurate stratigraphic core data.
Sedimentary stratigraphic logs were created using the sedlog program to create an
accurate interpretation of bed thicknesses, different stratigraphic units present
(sandstone, shale, conglomerate) and any lithological features (grain size, cross
bedding, interbedding).
2.1.1 Core
Based on the interpretated data the physical spacing and characteristics of fractures
in the Hawkesbury Formation was analyzed from three chosen physical cores of DM
Wollongong 13, 23 and 35 at the WB Clarke Geoscience Centre in Londonderry
NSW from the 30th of April 2021 – 24th of June 2021. These cores were chosen as
they were most suitable to the study and had the correct section of core available for
observation, Table 2.1.1 is a summary of the cores and examination information. The
first two of the visits at the core library were under to supervision of Dr Lloyd White
for the advice and correct collection of data form cores DM Wollongong 13 and 23,
with the last visit and collection of core DM Wollongong 35 being unassisted.
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Table. 2.1.1. Cores chosen for observation including depth interval observed and
what the cores were observed for.
Core Number
DM Wollongong 13

Depth interval examined
0-150m

DM Wollongong 23

0-170m

DM Wollongong 35

0-165m

Data observed/taken
Depth of Fractures, cross
checking of stratigraphic
sequence
Depth of Fractures, cross
checking of stratigraphic
sequence
Depth of Fractures, cross
checking of stratigraphic
sequence

Fracture and stratigraphic analysis at the core library were undertaken in the
following sequence.
1. Identifying the depth to which the Hawkesbury Formation finished.
2. Comparing the online stratigraphic material and created sedlogs to the core
and noting any differences in lithology and bed thickness.
3. Identifying and marking the location of any observed fractures.
4. Recording the depth and length of the fractures (in feet and inches) using a
ruler and measurements on the core trays.
5. Converting the fracture measurements to meters and centimetres.
6. Taking photos of the fractures (See appendix B for photos of each fracture
with corresponding depths).
Further analysis of the collected data was carried out in the following steps.
7. Recording depths of each fracture in a table and spacing between each
fracture is calculated.
8. Average of spacing between fractures was calculated for DM Wollongong 13,
23, and 35.
9. The fracture spacing data is correlated to the observed bed thicknesses for
each core hole for a linear relationship.
Caution was taken to interpret natural vs drilling induced fractures whilst at the core
library. Following advice and instruction from Dr Lloyd White, the identification and
comparison of the different fractures was made to the best of my knowledge.
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An important aspect of this study included the accurate analysis and distinguishing of
natural fractures from drilling induced fractures. The drilling induced fractures do not
hold significance in this study and therefore have the potential to produce skewed
and inaccurate results. Therefore, only natural fracture location should be recorded.
A natural fracture is defined as any cored fracture that existed in a volume of rock
prior to initiation of drilling (Kulander et al, 1990). A natural fracture will either
characteristically reflect a stress fracturing field that remained relatively unaffected
through a particular period of time or reflect the cumulative effect of a variation of
stress events that occurred within a period of time. Thus, natural fractures have
different geometries to induced fractures relative to the core hole.
After the fracture logging of the core was complete the interpretation of the natural vs
induced fractures observed was checked against a classification system (Kulander et
al, 1990) and an ‘atlas’ of natural and induced fracture photos (Nelson, 2019). Figure
2.1.1 shows photographs taken from noted fractures observed in the cores, further
photographs of all the observed fractures can be seen in Appendix B.
The classification system identified a few rules to distinguish if the fractures are
natural. These rules include.
•

The stacking rule which states that natural fractures do not completely cut
through the core and have consistent orientation as fractures in the same bed.
The stacking rule does recognize that some natural fractures may completely
cut through the core, however these are most likely larger faults that have
occurred (Kulander et al, 1990).

•

The aperture rule recognizes with the exception of major faults/ fractures,
most natural fractures are partially or completely mineralized, or gouge filled
(Kulander et al, 1990).

•

The stress rule implies that a variation of events with different stress
directions can cause fractures with different orientations to form. Whilst this
contradicts the stacking rule, it is recognized that induced fractures occur due
to pressure applied in a single direction and event, causing singular breaks to
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occur (Kulander et al, 1990). An example of an identified induced fracture
from the core library can be seen in Figure 2.1.1.
The measured depth of each observed fracture was tabulated where the spacing
between each fracture was calculated to find the average spacing for each core hole.
The obtained depth of each observed fracture is also correlated to the bed thickness
for each respective core for the Hawkesbury Formation. This correlation is used to
determine if a relationship exists between bed thickness and fracture spacing.

Figure. 2.1.1: photographs of natural and induced fractures observed at the core
library. Photograph a. is a natural fracture from DM Wollongong 13, b. is a natural
fracture/ fault observed in DM Wollongong 23 and c. is a natural fracture in DM
Wollongong 13. Photograph d. is an induced fracture observed from DM Wollongong
35.
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2.2 Geophysical Data Analysis
Geophysical data was obtained to determine bed thickness qualities of the
Hawkesbury Formation to calculate fracture parameters. The geophysical data
captured in this study was in the form of wireline logs. Wireline logs carry out down
hole analysis of the core walls through a continuous measurement with an electric
instrument to infer formation properties mostly used to make decisions about drilling
and production operations (Nelson, 2019).
The DiGS online resource was once again utilised to analyse core hole data within
the study area. To undergo the geophysical analysis, core holes were examined
online for wireline logs. Whilst multiple different datasets are collected from wireline
measurements, gamma radiation readings where of particular interest for this study.
2.2.1 Cores
The core holes selected for the analysis included geophysical data for part of or all
the Hawkesbury Formation in the form of gamma measurements. The gamma
readings for each core hole were either in the form of a LAS file or a projected log of
the gamma values. Table 2.2.1 outlines each core chosen, the depth interval
available to study and the form in which the gamma data was provided.
Table. 2.2.1. Core holes chosen for geophysical analysis, the depth interval available
for study and the form in which the data was provided. (For all core holes an interval
of 0-150m would have been ideal, however some of the data did not include some of
the Hawkesbury Formation as this was not deemed relevant information for the
original purpose of the wireline logs).
Core Name
Joe Stanley
Picton 1
AGL Victoria Park
Johndilo
Razorback 12
Razorback 11
Elizabeth Macarthur
Roselind Park
Cordeaux

Depth interval examined
0-150m
0-150m
0-150m
0-150m
100-160m
95m-165m
105m-155m
70-150m
0-150m

Data analysed/ utilised
LAS file
Natural gamma ray plot
Natural gamma ray plot
LAS file
LAS file
LAS file
LAS file
LAS file
Natural gamma ray plot

Amy Soper – The University of Wollongong

54
The geophysical analysis was undertaken in the following steps, with processes
further explained in section 2.2.2
1. Selected core holes within the study area that contained gamma values for
the Hawkesbury Formation in the form of LAS files or plots.
2. Transformed the LAS files into plots on excel for the correct interval.
3. Manipulated the natural gamma ray plots to show only the interval of interest.
4. Defined and divided the gamma plots based on recommendations from
(Anurodh and Devleena, 2017) to differentiate between shale and sandstone
units.
5. Defined the mechanical stratigraphy of the gamma plots through plotting the
thickness of each lithological unit.
6. Measured the thickness of each unit that was relevant based on lateral
continuity (LaDue and Kreager, 2017).
7. Created a spreadsheet to separate the thickness data into columns of
sandstone and shale.
8. Apply percentage calculations to each individual core hole to determine the
percentage of sandstone vs shale.
9. Combining all the sandstone thickness data to achieve an overall bed
thickness to feed into flow and fracture parameter equations.
10. Use the combine sandstone and shale thickness data to create a series of
histogram distributions of frequency of different bed thicknesses.
2.2.2 Gamma Data
Gamma rays are emitted from rocks in varying amounts depending on the level of
potassium 40, uranium and thorium content as these are the elements of primary
gamma radiations (Nelson, 2019). Gamma values were retrieved for this study as
they can be used particularly in drill holes to predict variation in lithology through
measuring the spontaneous emission of gamma rays from rocks.
As this information is useful for discriminating different lithologies, the thickness of
these units can also be assessed, since different lithologies have different gamma
ray spectra (Nelson, 2019). For this study, the gamma logs were used to classify
which sections of drill holes were likely to be sandstone, shale, or some mixture of
the two. This information was then used to determine the approximate thickness of
Amy Soper – The University of Wollongong

55
layers of sandstone and shale to create a mechanical stratigraphy for each drill hole.
Figure 2.2.1 is an example of a gamma plot created from gamma data in the form of
a LAS file, with a division of sandstone and shale values represented and respective
thickness noted. The information obtained from this work was used to create
thickness measurements that feed into equations to try to determine where fractures
are more likely to occur (Nazeer et al, 2016).
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Figure. 2.2.1: A created gamma plot from a LAS file for the core hole Joe Stanley.
The yellow zone represents quartzose sandstone (<40%), red represents shales
(>60%). The side bar is indicative of the thickness of the shale units (red) in
comparison to the sandstone units (yellow).
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The process of dividing the gamma plots into sandstone and shale units was guided
by previous studies carried out by Anurodh and Devleena (2017). This previous
study on interbedded sedimentary rock defined to be similar to that of the
Hawkesbury Formation describes the classification of different lithologies based on
gamma values. Material is predominantly divided in this study as either “ductile”,
having a gamma reading >60% API or “brittle” with a gamma reading <60% API
(Anurodh and Devleena, 2017). Therefore, recommending that sandstone be
classified <60% and shale >60%. Anurodh and Devleena (2017) reason that shale
has higher gamma readings due to the presence of higher clay and organic matter,
which contain higher levels of potassium and uranium. These higher element levels
are common due to the cation-exchange capacity of clay and organic matter, giving
greater potassium and uranium absorption properties. Table 2.2.2 is a representation
of the rock material expected at different gamma ranges used in this study based on
the descriptions and recommendations of Anurodh and Devleena (2017).
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Table. 2.2.2: Representation of the appearance of rock material over the various
gamma ranges used to differentiate between shale and sandstone bodies in the
study, (lithology information); (Anurodh and Devleena, 2017).

Gamma range (API)

Lithology

0-40%

Highly lithic sandstone
contains 90% or more
siliceous grains (quartz,
chert and other quartzose
fragments). Well lithified
and cemented (Anurodh
and Devleena, 2017).

>40 - 60%

“Brittle” Sandstone, more
feldspathic in nature, with
abundance of feldspars
and oxides, less than 90%
quartz and other lithic
material. Common to
contain grains or thin
bands of shale and clay
(Anurodh and Devleena,
2017).

Examples
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> 60%

Shales - can contain a high
proportion (40%) of organic
matter. Fine-grained, high
clay content (60%).
Clay rich minerals tend to
have high levels of
potassium.
Organic- rich shales are
associated with uranium
enrichment often used as
an indicator of oil source
beds (Anurodh and
Devleena, 2017).

Based on the gamma graphs produced from the above values to discriminate
between sandstones and shales the principle of lateral continuity proposed by
Nicolas Steno was then applied when measuring the thickness of the different
stratigraphic beds (Dott and Batten1976). The principle of lateral continuity
recognizes that whilst layers of sediment extend laterally, they do not extend
indefinitely. The limit of lateral extension is controlled by the thickness and type of
sediment found as the relationship between rock layers vertically and laterally is
indicative of changes to depositional environments.
As the Hawkesbury Formation consists largely of sandstone interbedded with shale,
the thickness of each respective unit indicates different time and depositional
environments. As shale is made of mostly fine-grained clay particles it is deposited in
relatively low energy environments such as in a lagoon or fluvial flood plain.
Sandstone consists of slightly larger grains, therefore, is most likely deposited in
higher energy environments such as in a fluvial channel (LaDue and Kreager, 2017).
Higher energy environments move and deposit sediments faster, therefore
sandstone has the capability to deposit in a shorter time frame then shale. This also
means sandstone has greater ability to continue laterally over larger areas over time
(LaDue and Kreager, 2017).
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The transitions between shale and sandstone can indicate events of tectonic
movement, affecting river flow or a change in climatic conditions. Uplift can cause
more intensive river flow whereas tectonic extension can cause lower energy fluvial
flow. A change in climatic conditions, such as melting of snow can increase flow
resulting in higher energy rivers. Inversely in summer, drier conditions can cause
less flow and lower energy environments (LaDue and Kreager, 2017). For example,
in a core hole, a one-meter-thick band of shale is much more laterally significant than
a one-meter-thick band of sandstone. A shale of this thickness is likely to be laterally
continuous over a vast area as this is indicative of a large period of consistently still
and moderate water levels, such as a lake or lagoon environment. In comparison a
one-meter-thick sandstone unit is likely to only spread laterally over a small area as
this is characteristic of a channel deposit that occurs from a short period of low sea
levels with flowing water. The principle of lateral significance was used as a condition
in this study, when determining bed thickness.
When looking at the gamma log shapes displayed, a direct correlation between
facies and log shape relative to the sedimentological shape is seen (Nazeer et al,
2016). In the gamma logs produced a serrated/ saw tooth shape trend is shown
across the data. The serrated shaped plots are characteristic of aggrading with an
irregular spiking trend, commonly observed in interbedded shales and sands with a
fluvial flood plain, tidal flat or debris flow depositional environment (Nazeer et al,
2016). The shapes of these gamma logs are consistent with the formation and
alternating lithology patterns observed in the Hawkesbury Formation as seen in
Table 2.2.3. This reinforces the accuracy of the methods used in this study.
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Table. 2.2.3: The correlation between facies and a variety of log shapes relative to
the sedimentological relationship and depositional environment of the sediment
(Nazeer et al, 2016).

2.3 Data Processing
The program R studio was used to construct a model of reservoir flow from
fracturing. This model included natural fracture parameters obtained from physical
rock data for direct input into the model. The parameters used included bed
thickness, fracture spacing, fracture distribution and fracture aperture. These
parameters act as constraints in the modelling process however, firsthand data of
these parameters was lacking, therefore fracture reservoir analogs in the form of
published sources were used to fill gaps in the data base and help predict and
anticipate sensitivity of parameters. Within the modeling process the parameter data
is organized into appropriate distributions, taking measurements, and applying to a
“random distribution function” (triangular distribution) using a statistical format of
parameter inputs (mean, minimum, maximum).
The Monte Carlo simulation relies upon the repetition of random sample generation
and statistical analysis to compute a set of results. In close relation to random
sampling, the Monte Carlo simulation is best used in experimental circumstances
where the results are not known or need validation (Signoret and Leroy, 2021). In
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this study this simulation was chosen as a methodical approach to produce random
probability distributions to analyze the accuracy and validity of the mathematical
model predicting average fracture spacing, fracture porosity and hydraulic
conductivity. Appendix C shows the working R script used to calculate, predict, and
model the fracture parameters and flow properties for this study.

2.4 Assessing observation and geophysical data using equations
proposed for fracture spacing, fracture porosity and hydraulic
conductivity
The creation of a model for reservoir flow was constructed from the natural fracture
parameters of bed thickness, fracture spacing, distribution and fracture aperture.
These inputs are utilized from constructed parameter distributions. The parameters
are useful in constraining the model and are quantified through intensity curves and
statistical analysis. A significant amount of trial and error is associated with the
model creation and defining parameter distributions. See Appendix D for some of the
trial-and-error distributions. When modelling the average fracture spacing, the
observed average fracture spacing values from the DM Wollongong cores were used
as a guideline.
2.4.1 Fracture Spacing
Applying a fracture spacing relationship to find the average spacing of both
systematic and cross joins. The first equation to find the spacing of systematic joints
(Aarseth et al, 1997).

𝑺 = 𝑲𝑩

𝟐#
𝟑

(1)

S is the average spacing of the systematic (master) joints, in meters (m), B is the
mechanical unit thickness (m) and K is a variable related to material properties
(Aarseth et al, 1997). This equation is the first parameter distribution of 10,000
random samples. The next parameter distribution equation is to find the spacing of
the cross joints:
𝑿 = 𝒌𝑺

(2)
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X is the average spacing of cross joints (m), k is another constant and S is the value
determined from the above equation. Once these parameters are defined in R
studio, the equation to find the average fracture spacing can be applied to the 10,000
random distribution:

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 =

(𝑺 + 𝑿)
𝟐

(3)

S is the average spacing of the systematic joins first calculated and X being the
average value of cross join spacing.
When parameter distributions were being created to combine systematic and cross
joint spacing to derive the average fracture spacing, the constant K and k were
uncertain values. Aarseth et al (1997) provided a range in which these constants are
expected to fall within based on the lithology and hardness. In defining the
parameters, a random triangular distribution was used as this required the input of a
set range of values surrounding the set value. This type of distribution was used for
several reasons. Firstly, a triangular is best used when the distribution is unknown
which is the case in this circumstance (Signoret and Leroy, 2021). Lastly, it suits
data where some idea of maximum, minimum and peak (average) values are known,
thus accurately suiting the values provided in the data sets.
Aarseth et al (1997) derives K (unitless) to be a value between 0.1- 0.46 and a value
of 2.23 for k (unitless) to allow for some variation in different sandstones being
studied, however does not account for variation within the sandstone selected. The
Hawkesbury Formation is characteristic to have beds alternating of cementation,
lamination, quartzose and a large variety of grain sizes, thus uniform fracturing
throughout the formation would be bed confined. To account for this large variation
nine different distributions were trailed, altering the K and k values and ranges, this is
because spacing values similar to the observed cores were trying to be achieved. In
comparison to the observed fracture spacing two outcomes of fracture spacing
6.34m and 5.33m were deemed the most accurate distributions. However, the
average fracture spacing of 6.34m was chosen for this model as a value of 0.46 was
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used for K but within a range of 0.1-1.5 and a value of 2.2 for k within a range of 1.52.5 to allow and account for discrepancies in bed thickness and fracture spacing due
to the various characteristics. This parameter had the largest range of K values,
giving the most probable outcomes whilst being in close correlation to the observed
values of 5.88m for DM Wollongong 23, 6.25m for DM Wollongong 13 and 5.87m for
DM Wollongong 35.
2.4.2 Fracture Porosity
The equation used to predict fracture porosity was:
ℇ
∅𝓕 = 8
; 𝟏𝟎𝟎
𝑫+ ℇ

(4)

Where e is the aperture(m) and D is the average fracture spacing(m) obtained from
our data (Nelson, 2019). Due to the difficulty in obtaining fracture aperture
measurements, three apertures of 0.0003m, 0.0005 (Dale, 2015) and 0.0001 (SCT
Operations, 2015) were considered for the prediction of porosity. After running
multiple porosity distributions, a fracture aperture of 0.0001m was most suitable. This
value was found in the Tahmoor South mine study at depth of 0-100m (the depth of
the Hawkesbury Formation) and used in calculations of hydraulic conductivity (SCT
Operations, 2015). As this study is within this study area and comparing our
predictions to the values found by the Tahmoor South mine study, it is most viable to
use the same aperture.
2.4.3 Hydraulic Conductivity
When calculating hydraulic conductivity, the parallel plate model of groundwater flow
was chosen as it considers a system of parallel, planar and identical fractures within
an impermeable matrix, thus most appropriate for this study as it best represents a
fracture reservoir. The equation for hydraulic conductivity (m/s).

𝐊=

(𝟐𝒃𝟑 )
𝝆𝝔
×
𝟐𝑩
𝟏𝟐𝝁

(5)
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B is the fracture spacing (m), b is fracture aperture, 𝝆 is the density of water at 20
degrees Celsius, 𝝔 is acceleration due to gravity and 𝝁 is the viscosity of water. This
equation represents the hydraulic conductivity of the fracture medium parallel to the
fracture system (Cook, 2003).
The hydraulic conductivity equation has multiple inputs required. The fracture
aperture and spacing have already been discussed and kept constant throughout all
equations, however the equation also includes the multiplication of density (𝝆) and
accel due to gravity (𝝔) divided by 12 times the viscosity (𝝁). The value chosen for
density (𝝆) was 998.23kg/m3 as this is the density of water at 20 Degrees Celsius.
This value was chosen as the temperature of groundwater within the great artesian
basin ranges from 15 - 60 Degrees Celsius depending on depth (Fu et al, 2020). At
depths relevant to the Hawkesbury Formation, groundwater averages a temperature
of 20 Degrees Celsius, therefore the most relevant density was 998.23kg/m3 (Fu et
al, 2020). Accel due to gravity (𝝔) is a constant with a value of 9.806m/s/s that is
derived using the universal gravitational constant as a function of mass and distance.
Lastly the viscosity (𝝁) value of 0.0010016kg/m/s was used as this is the dynamic
viscosity of groundwater at 20 Degrees Celsius (Cook, 2003).
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3. RESULTS:

3.1 Geological Data – Core Analysis
A statistical summary of the observational data is analysed to see if there is
correlation and significance between bed thickness and fracture spacing that
requires further interpretation. A summary of the statistical results from all three
observational cores is provided in Table 3.1.1. The correlation of the relationship is
tested by calculating the r coefficient. Values of r above 0 indicate a positive
relationship and the closer the value progresses to 1.0, the stronger the positive
linear relationship between the two variables will be (Bai and Pollard, 2000). As
seen in Table 3.1.1, the r coefficient of cores DM Wollongong 13, 23 and 35 have
been calculated as 0.82, 0.83 and 0.87. These r values represent a relatively strong
positive linear relationship between bed thickness and fracture spacing in all three
cores. DM Wollongong 35 is seen to have the strongest positive relationship as it
has the largest calculated correlation coefficient. The p-value was also calculated
and analysed as a measure of significance between the variables. That is, a
measure of the probability that an observed difference could occur just by random
chance (Bai and Pollard, 2000). In this study, the p-value was determined from
firstly, calculating t, from the correlation coefficient (r). Generally, lower p-values
(<0.05) indicate a greater statistical significance. The p-values of DM Wollongong
13, 23 and 35 respectively are 7.72e-07, 8.31e-05 and 2.73e-06. As these values
are all <0.05, the relationship between bed thickness and fracture spacing in all three
cores are deemed significant. As DM Wollongong 13 has the smallest p-value, it is
seen as the most statistically significant. The statistical summary has therefore
concluded that the relationship between bed thickness and fracture spacing for all
three observational cores are valid and require further interpretation.
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Table. 3.1.1: Summary of the statistical analysis and significance of the bed
thickness to fracture spacing relationship of cores DM Wollongong 23, 13 and 35).
DM Wollongong

DM Wollongong

13

23

0.82

0.83

0.87

n

24

16

18

t = r*SQRT(n-2)/

6.81

5.47

7.05

P (value of

0.000000772

0.0000831

0.00000273

significance if

(7.72e-07)

(8.31e-05)

(2.73e-06)

Correlation

DM Wollongong 35

Coefficient (r)

SQRT(1-r^2)

<0.05)
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3.1.1 DM Wollongong 13
An Average fracture spacing of 6.25m and an average bed thickness of 12.24m was
observed in DM Wollongong 13. The average fracture spacing was calculated from
the collected depth of fractures and their respective spacing and bed thickness from
the observed sedimentary logging. Table 3.1.2 is the collected data from this core.
Table. 3.1.2: Data collected from DM Wollongong 13 including fracture depth and
bed thickness and calculated fracture spacing.

A positive linear relationship can be seen between bed thickness and fracture
spacing in Figure 3.1.1, with an R2 value of 0.68. This value indicates that over 68%
variance of the dependent variable (fracture spacing) is explained by the variance of
the independent variable (bed thickness). A R2 value of 0.68 indicates the ‘goodness
of fit’ of the linear relationship is not perfect, therefore about 32% of the data
variability cannot be explained by the linear relationship.
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Figure. 3.1.1: Projected linear relationship between bed thickness and fracture
spacing observed from core DM Wollongong 13.
As the known relationship between bed thickness and fracture spacing has been
seen in DM Wollongong 13, a visual representation of the observed fracture depths
and thickness of each respective bed unit was created as seen in Figure 3.1.2. The
relationship is reinforced as the thicker sandstone units appear to have less fractures
present, and the thinner sandstone units have mostly abundant fractures. Whilst this
relationship is not perfectly linear as some of the beds have no fractures at all, this is
expected as no genuine observations are statistically perfect.
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Figure. 3.1.2: Constructed
sedimentary log with observed
fractures at respective depth to bed
thickness for DM Wollongong 13.
The red lines are indicative of
fractures that have been observed.
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3.1.2 DM Wollongong 23
From the documentation of depth of each observed fracture and stratigraphic
interpretation and logging of bed thickness of DM Wollongong 23, an average
fracture spacing of 5.88m and an average bed thickness of 10.45m was observed.
Table 3.1.3 is the recorded depth of the fractures observed with the respective
spacing and bed thickness values calculated for DM Wollongong 23.

Table. 3.1.3: Collected fracture depths, calculated fracture spacing and observed
bed thickness values for DM Wollongong 23.

A positive linear relationship can be seen between bed thickness and fracture
spacing with an R2 value of 0.67 in Figure 3.1.3. This value is similar to DM
Wollongong 13 and therefore indicates that over 60% variance of the dependent
variable (fracture spacing) is explained by the variance of the independent variable
(bed thickness). A R2 value of 0.67 indicates a ‘goodness of fit’ of the linear
relationship is not perfect, therefore about 40% of the data variability cannot be
explained by the linear relationship.
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Figure. 3.1.3: Projected linear relationship between bed thickness and fracture
spacing observed from core DM Wollongong 23.

A visual representation of the fracture spacing to bed thickness relationship is seen
in Figure 3.1.4. Whilst the statistics indicate a relationship, the fractures in this core
occur primarily in a few beds rather than spaced over the entire Hawkesbury
Formation. The beds where the fractures are abundant are some of the thinner beds
observed within DM Wollongong 23 and therefore support the known relationship
between bed thickness and fracture spacing.
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Figure. 3.1.4: Constructed
sedimentary log with observed
fractures at respective depth to
bed thickness for DM
Wollongong 23. The red lines
are indicative of fractures that
have been observed.
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3.1.3 DM Wollongong 35
From the observations of fracture depth, recorded and tabulated an average fracture
spacing of 5.87m was determined. The stratigraphic log was utilised, recording bed
thickness values to determine an average bed thickness of 12.33m. The tabulation of
these observations of fracture depth and bed thickness is seen below in Table 3.1.4.
Table. 3.1.4: Collected fracture depths, calculated fracture spacing and observed
bed thickness values for DM Wollongong 35.

A positive linear relationship can be seen between bed thickness and fracture
spacing in Figure 3.1.5 with an R2 value of 0.76. This value is the highest R2 from the
observational studies and indicates the over 70% variance of the dependent variable
(fracture spacing) is explained by the variance of the independent variable (bed
thickness). A R2 value of 0.76 indicates a ‘goodness of fit’ of the linear relationship is
not perfect, therefore about 30% of the data variability cannot be explained by the
linear relationship. Therefore DM Wollongong 35 has the strongest linear relationship
of bed thickness to fracture spacing.
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Figure. 3.1.5: Projected linear relationship between bed thickness and fracture
spacing observed from core DM Wollongong 35.

The linear relationship found from the scatter plot, is projected into a sedlog as a
visual representation of this relationship between bed thickness and fracture
spacing, as seen in Figure 3.1.6. The fractures are seen to be relatively spaced
throughout the entire Hawkesbury Formation. There is a noticeable trend where
fractures tend to be closely spaced in thinner units whereas singular fractures are
mostly seen in thicker units of sandstone. These observations reinforce the known
relationship between bed thickness and fracture spacing and the calculated R2 value
of 0.76.
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Figure. 3.1.6: Constructed
sedimentary log with observed
fractures at respective depth to
bed thickness for DM
Wollongong 35. The red lines
are indicative of fractures that
have been observed.
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3.2 Geophysical Data
3.2.1 Cores - Bed thickness from gamma values
When determining the thickness of the sandstone and shale beds from the gamma
values the principle of lateral continuity in context to depositional properties found
that sandstone had a higher average thickness then shale across all nine core holes.
The thickness of both shale and sandstone units from each core hole was
determined from a finalised stratigraphic log created from the graphs projecting the
gamma values and the sedlog program. Figure 3.2.1 is a finished example of the
stratigraphic log and gamma graph output for core hole Johndilo. Across all nine
core holes the average sandstone thickness was 7.65m and shale was 3.21m.
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Figure. 3.2.1: Sedlog produced from gamma log with respective thickness of shale
and sandstone units in correlation to the gamma values.
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The average sandstone and shale thickness values determined for each core hole is
shown in Table 3.2.1. It is noticed that all the sandstone thicknesses are an order of
magnitude larger than the average shale thicknesses. These results are expected
from fluvial depositional environments and thus within the Hawkesbury Formation.

Table. 3.2.1: The average sandstone and shale thicknesses for all nine core holes
that underwent geophysical analysis.
Core Hole
Joe Stanley
Picton 1
AGL Victoria Park
Johndilo
Razorback 12
Razorback 11
Elizabeth Macarthur
Roselind Park
Cordeaux River 1

Average Sandstone
Thickness (m)
8.18
8.54
8.67
7.48
5.58
6.57
7.86
6.33
8.60

Average Shale Thickness
(m)
5.55
3.88
4.05
3.59
1.67
1.50
2.67
2.00
1.78

The average thickness of both sandstone and shale for all nine core holes is
graphically represented in Figure 3.2.2. It is observed that Victoria Park has the
largest average sandstone thickness of 8.67m, closely followed by Cordeaux River
and Picton 1. However, the average shale bed thickness is largest for Joe Stanley,
closely followed by Victoria Park and Johndilo.
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Figure. 3.2.2: Bar graph representing the average sandstone and shale thicknesses
across all nine geophysical cores. This graph gives a visual representation and
comparison of thickness across the geophysical study.

3.3 Fracture and Fluid Flow Model Data
3.3.1 Fracture Spacing
Calculating the average fracture spacing required several equations in a series of
steps. When applying the systematic joints equation (1), we want to achieve the
average systematic joint spacing of sandstone. Therefore, a bed thickness (B) of
7.65m as determined from the geophysical data analysis is used along with a value
range for the constant K. In accordance with Aarseth et.al (1997), the constant K is a
measure of material properties including strength and hardness. The lower the K
value the stronger and harder the lithological material. The material properties (K) for
the systematic joints in sandstone is ranged between 0.1-0.46 (Aarseth et.al,1997).
When testing and producing random parameter distributions of average systematic
(S) joint spacing, the K value that was best suited was produced in a random
triangular distribution of 10,000 samples using a minimum value of 0.1, a maximum
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value of 1.5 and a specific value of 0.46 (unitless). Running these input parameters
of bed thickness and material properties in a Monte Carlo simulation an average
systematic (S) joint spacing for sandstone was determined to be 4.14m.
The predicted random distribution of the average systematic (S) joint spacing,
produced in R studio is seen in Figure 3.3.1. This distribution produces a mean
systematic (S) joint spacing of 4.14m, a minimum value of 0.61m and a maximum
value of 11.91m. Whilst there is quite a significant difference between the minimum
and maximum values, a standard deviation of 1.81 indicates that the spread of the
distribution is within the bounds of the data. This implies that the predicted values
are relevant.

Figure. 3.3.1: Triangular distribution of 10,000 random generations of the input
parameter predicted spacing of systematic joints (S).
The next parameter distribution of predicting the average spacing of cross (X) joints
is seen in Figure 3.3.2. The equation for average cross joint spacing (2) requires the
calculated average systematic (S) joint spacing of 4.14m and the use of the constant
k. According to Aarseth et.al (1997) the k values of cross joints for sandstone is 2.23.
As we are creating a distribution, k was projected into a random triangular
distribution of 10,000 samples, for this study values with a minimum of 1.5, maximum
of 2.5 and a specific value of 2.2 (unitless) worked best. Once again running these
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input parameters in a Monte Carlo simulation produced an average cross (X) joint
spacing of 8.54m. A standard deviation of this distribution was calculated at 3.85.
This is a relatively large value, however when a corresponding minimum value of
1.29m and maximum value of 26.53m are predicted in the distribution, the standard
deviation is considered relevant. A visual schematic of the relevance of these values
is shown in Figure 3.3.3. This allows one to put into context the significance of these
values on a fractured rock unit.

Figure. 3.3.2. Triangular distribution of 10,000 random generations of the input
parameter predicted spacing of cross joints (X).
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Figure. 3.3.3: A schematic diagram of each calculated fracture parameter in the
context of an actual rock unit (Nelson, 2019).

After the calculation of the fracture parameters, the average fracture spacing
equation (3) is used. This calculation requires both the systematic (S) joints value of
4.14m and the cross (X) joints value of 8.54m. These distribution parameters
resulted in a predicted average fracture spacing value of 6.34m. The distribution
produced for the average fracture spacing is seen in Figure 3.3.4. This random
distribution predicted a minimum average spacing of 1.01m and a maximum average
fracture spacing of 19.10m. This is considered a relatively large spread of results,
however when put into context with a standard deviation of 2.81, these results seem
viable.
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Figure. 3.3.4: Triangular distribution of 10,000 random generations of the parameter
predicted average fracture spacing.
3.3.2 Fracture Porosity
From the determined fracture parameters and average fracture spacing, the
prediction of fluid flow properties can be distributed. The first of the fluid flow
parameters is fracture porosity. The fracture porosity equation (4) requires the use of
an aperture of 0.0001m (0.1mm) and an average fracture spacing of 6.34m as
previously calculated. From these values an average fracture porosity of 0.012%
was determined. The predicted distribution for fracture porosity is seen in Figure
3.3.5. The distribution predicted a minimum of 0.011% and a maximum of 0.021%.
these results a validated by a standard deviation of 0.001, indicating adequate
spread of the data.
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Figure. 3.3.5: Random predicted distribution of the model output fracture porosity
(%).
3.3.3 Hydraulic Conductivity
The last fluid flow property to be predicted is hydraulic conductivity. This was done
by using equation (4) as suggested by Cook (2003). This equation requires the use
of an aperture of 0.0001m, average fracture spacing of 6.34m, density of water at
20oC of 988.23kg/m3, accel due to gravity of 9.806m/s/s and a viscosity of water
value of 0.0010016kg/m/s. An average hydraulic conductivity of 0.055m/d was
predicted from the distribution seen in Figure 3.3.6. From this distribution a minimum
hydraulic conductivity of 0.015m/d and maximum of 0.28m/d were also predicted. A
standard deviation of 0.029 was recorded indicating the spread of this distribution is
relevant to the outcome of results.
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Figure. 3.3.6: Random predicted distribution of the model output Hydraulic
conductivity (m/d).
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4. DISCUSSION
4.1 Bed Thickness
The bed thickness of the Hawkesbury Formation is an important parameter in this
study used in the calculation and prediction of both fracture and fluid flow properties.
The average bed thickness of sandstone was determined from core observations to
be 12.24m, 10.45m and 12.33m for DM Wollongong 13, 23 and 35 respectively and
7.65m from geophysical observations. A shale bed thickness of 3.21m was also
determined from the geophysical observations. The bed thickness of the
Hawkesbury Formation from previously studies including Pells (2016) who has
determined typical sandstone bed thicknesses of >5m and Cendon et al (2014)
describes individual sandstone beds that form as elongated lenses to consist in
average thicknesses up to 15m. Whilst the determined values of sandstone bed
thickness vary across this study, they all fall within the range described from
previous literature of >5m to 15m.
The bed thickness values determined from the core observations (12.24m, 10.45m
and 12.33m) are all in close range in comparison to the geophysical thickness
(7.65m). This is due to multiple reasons as different approaches were used to
calculate both sets of data. The core observations could be considered more
accurate as they were calculated from detailed stratigraphic logging with bed
thickness determined from photo and in person observations of the cores, whereas
the geophysical data was analysed using ranges in gamma values from sourced
data to infer lithology thickness. However, the geophysical bed thickness could be
considered more realistic as it was averaged from nine core holes over a much
larger study area then that of the observational bed thickness values. When
analysing the individual geophysical cores as seen in Figure 3.2.1 in the results
section, average sandstone bed thickness values of almost 9m were seen in some
individual cores. The smaller average sandstone thickness values of individual cores
seen in Figure 3.2.1 are a result of the sourced data not providing gamma values for
the full depth of the Hawkesbury Formation. These smaller averaged values would
negatively skew the results, giving a smaller overall average sandstone bed
thickness for all nine cores. Variation can also be explained by deposition, the thicker
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units suggest long, stable periods of a high energy environment and thinner units
suggest deposition within a shorter time frame. When looking at the study area map
in Figure 1.4.2, the cores with the thicker units are all in the southern part of the
study area, suggesting multiple potentially large laterally continuous sandstone units
over a long stable high energy depositional environment within the southern part of
the study area. Whilst these factors explain the variation, all the determined average
sandstone thicknesses are still considered viable as they align with the previous
studies.
A bed thickness of 5.71m was also calculated from a stratigraphic log from 0 to
150m of a core hole from longwall 10A of the Tahmoor South EIS, see Appendix E
for the stratigraphic log used in this calculation. This value, whilst also in the range
provided by Pells (2004) and Cendon et al (2014), is significantly lower than the bed
thickness values found in this study. This can suggest a relatively short depositional
time frame of these rocks. This could also be due to the Tahmoor South average
sandstone thickness being determined from only one core hole of the Hawkesbury
Formation.

4.2 Fracture Spacing
Fracture spacing is an important parameter used within this study to characterise the
fluid flow of the Hawkesbury Formation. From the averaged geophysical sandstone
bed thickness an average fracture spacing of 6.34m was determined. The average
fracture spacings were also determined from the fractures observed in DM
Wollongong 13, 23 and 35 to be 6.25m, 5.88m and 5.87m. Both geophysical and
observational fracture spacings are seen to be in close correlation to each other,
even though they were determined using different methods. This correlation is due to
accurate fracture observation methods used at the core library and an accurate
calculation of fracture spacing using the geophysical sandstone thickness and
correct K constant values. As fracture formation is a result of stress, the correlation
of these results indicates uniform stress conditions across the study area.
Fracture spacing of the Hawkesbury Formation has been previously determined by
Bai and Pollard, (2000), who state that fracture spacing within the Hawkesbury
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Formation tends to range from 0.1m to grater then 10m. Similar to this, Bertuzzi
(2014) found discontinuities of the Hawkesbury Formation fall within a slightly
smaller range of 2m to 10m. Pells (2004) also determined the fracture of defect
spacing within the Hawkesbury Formation to range from 0.6 to 10m. The average
fracture spacings determined in this study fall within the previous study values and
therefore can be considered valid.
An average fracture spacing of 4.21m was calculated from the Tahmoor South EIS
defect log (Appendix F) from the longwall 10A core from a depth of 0-150m. This
value is smaller than the values determined in this study. The smaller fracture
spacing indicates that the core analysed by Tahmoor South EIS has more fractures,
therefore suggests greater stress conditions have occurred. The discrepancies
between the average fracture spacing values are a result of the Tahmoor South
fracture spacing only being calculated from one core, compared to a range of cores
used in the geophysical study, there is also possible differences in fracture
observations. Inaccurate interpretation of fractures from this study or from the
Tahmoor South defect analysis has resulted in different fracture spacing values.
However, the Tahmoor South average fracture spacing also falls within the fracture
spacing values described by previous studies.
4.2.1 Relationship Between Bed Thickness and Fracture Spacing
The known linear relationship between bed thickness and fracture spacing describes
how fractures tend to end at layer boundaries due to a change in mechanical
properties, thus establishing that lithology and thickness of beds influence the
spacing of fractures (Ladeira and Price, 1981). To test this relationship, the bed
thickness and fracture spacing values achieved from the observational and
geophysical studies were analysed together.
From the statistical analysis of DM Wollongong 13, 23 and 35 cores the linear
relationship is reinforced through a positive correlation between bed thickness and
fracture spacing (seen in Figures 3.1.1, 3.1.3 and 3.1.5). Whilst the observed linear
relationships are not the strongest as indicated by R2 values of between 0.6 to 0.7,
the degree of linearity of this relationship is widely accepted (Ladeira and Price,
1981). Therefore, the relationships between bed thickness and fracture spacing
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achieved in this study are valid. Within the study area it can be concluded that bed
thickness of sandstone directly affects the spacing of fractures. As sandstone is a
common sedimentary facies, thicker beds are known to decrease fracture spacing,
whilst beds that appear thinner tend to propagate fractures, thus having a smaller
spacing between fractures. This is demonstrated in the results section by Figures
3.1.2, 3.1.4 and 3.1.6.
The reason this pattern occurs is directly related to stress. Due to the brittle nature of
sandstone, movement within the subsurface causes stress to build. Once this stress
exceeds the tensile strength of the sandstone, fractures are formed. As a result of
this fracturing, tensile stress is relieved in an area of lateral distance proportional to
the fracture length (Tang, 2008). This means that relief is experienced either side of
the fracture plane resulting in stress propagation in areas between and away from
fractures (Tang, 2008). The area where the build-up of stress occurs is termed the
“stress shadow”. The longer the fracture is the larger the stress shadow and thus the
less frequent and more spaced the fractures are. As fractures tend to be bed
bounded the length, frequencies and spacing of fractures is determined by the bed
thickness. Thin beds are more likely to contain numerous, short, closely spaced
fractures (Berg, 2000).
A comparison of the average bed thickness and average fracture spacing values
observed from DM Wollongong 13,23 and 35, the geophysical data and the Tahmoor
South project is seen in Figure 4.2.1.
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Figure. 4.2.1: Graphical representation of the bed thickness and fracture spacing
observed from DM Wollongong 13,23 and 35, the geophysical data and the Tahmoor
South project.
From the data in Figure 4.2.1 it is shown that the DM Wollongong cores have smaller
fracture spacings relative to bed thickness. This justifies the R2 values for these
relationships. This indicates that the stress shadow is large, however in respect to
the bed thickness, is considered small and therefore, the spacing between fractures
isn’t directly proportional to the bed thickness. In beds thicker then 10m, the fracture
spacing should ideally be larger. The bed thickness to fracture spacing relationship
seen from the modelled data is suggestive of a stronger linear relationship. Whilst
the statistics of these values cannot be assessed, the fracture spacing is more in
proportion to bed thickness. This suggests a large stress shadow, causing the
fractures to be more spaced out. Tahmoor is also seen to have fracture spacing
proportional to bed thickness, however due to the smaller bed thickness is more
fractured. It can be concluded that the modelled values would produce the strongest
linear relationship and therefore would have the strongest beds, whereas Tahmoor

Amy Soper – The University of Wollongong

92
would have the most friable, more fractured beds as it has the smallest bed
thickness and closest fracture spacing.

4.3. Fracture Porosity
The prediction of fracture porosity is essential to gain an understanding on
subsurface fracture flow properties. Whilst specific fracture porosity values were not
published in the Tahmoor South project, this study still predicted the fracture
porosity. This prediction was made to analyse the effect fracture porosity would have
on the fluid flow of the Hawkesbury Formation in association to the primary porosity.
The Hawkesbury Formation has relatively high primary and secondary (fracture)
porosity with primary porosity values ranging between 5-20% (Liu et al., 1996) and
secondary porosity values of generally < 0.5% (Nelson, 2019).
In this study a mean predicted fracture porosity of 0.012% is seen to fall within an
acceptable range of <0.5% as stated by Nelson (2019) and whilst the literature
states fluid flow is highly facilitated by fracture flow the modelled value indicates that
subsurface fluid flow is largely facilitated by matrix flow, as primary porosity has a
much higher range of 5-20% as stated by Liu et al (1996). The low predicted fracture
porosity indicates that fluid pressure within the sandstone matrix doesn’t significantly
drop when a fracture forms, as only 0.012% of fluid flow is facilitated by fractures in
comparison to 5 to 20% fluid flow facilitated by the sandstone matrix. Therefore, the
effect of the fracture porosity is insignificant due to the high primary porosity values
of the Hawkesbury Formation. This is because the flow occurring in the fractures is
significantly less than the flow within the rock matrix. Therefore, the effect of fracture
porosity is greatest in rocks with low primary porosity.
As the predicted fracture porosity cannot be compared to the Tahmoor project, the
significance of the modelled results is based on the relationship observed between
fracture aperture and fracture spacing. As fracture porosity is a function of fracture
width (aperture) and fracture spacing, the small fracture porosity values predicted in
this study indicate a small fracture aperture is used. If a wider fracture aperture is
used in the formula, it increases the fracture porosity and therefore would increase
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the significance of fracture flow, however if the fracture spacing is increased in the
formula, the fracture porosity result decreases.
Therefore, the predicted fracture porosity values and the relationship between
fracture porosity, fracture aperture and fracture spacing is useful when considering
the effect of subsidence. Subsidence from longwall mining could result in increased
fracture aperture, therefore increasing fracture flow. If this occurs in a substantial
capacity fracture porosity will increase and the fluid flow could become fracture
facilitated.

4.4. Hydraulic Conductivity
The rate at which fluid flows through subsurface rock fractures is determined by both
mechanical stratigraphy and fluid mechanics (Olsen, 2004). It is important to
understand subsurface flow characteristics in the context of reservoirs. Previous
research by Ross (2014) indicates the majority of subsurface flow that occurs is
facilitated through fractures. Determining rates of flow pre, post and during mining
activities is important when gauging the effect overburden and longwall processes
will have on natural subsurface flow and thus reservoir capacity.
Previous hydraulic conductivities of 0.5m/day at the surface to 0.01m/day at 50m
depth for the Hawkesbury Formation have been determined by Ross (2014). The
model created determines the hydraulic conductivity prior to any extension of the
longwall mining operations in the Tahmoor South area. A mean value of 0.055 m/d
was calculated using the bedding thicknesses and fracture spacing from downhole
geophysics. This predicted value is considerably close in comparison to the values
determined by Ross (2014). As this model predicted values for the Hawkesbury
Formation and therefore at depths of 0-150m, the value of 0.055m/d falls within the
depths Ross (2014) specified of 0m (surface) and 50m. The model predicted a
general average over a depth interval rather than a specific value at varying depths
and is therefore expected to produce a smaller value. This is because hydraulic
conductivity is heavily reliant on fracture aperture and as depth increases, the
aperture decreases and so does the rate of fluid flow. This is because stress is
greater at depths, and when stress increases the aperture of fractures is seen to
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decrease. This means, whilst fracture do propagate under stress, they also undergo
compressional forces and reduce in width. Thus, explaining the slight variation in the
results.

4.5. Model of Flow Properties in comparison to Tahmoor South
With a mean value of 0.055 m/d the distribution also predicted a minimum of
0.015m/d and a maximum of 0.28 m/d. As indicated by the standard deviation of
0.029 the data are evenly spread across the distribution. If the standard deviation
was significantly lower it would indicate that the data were clustered around the
mean, giving an inaccurate distribution. These results are similar to those obtained
from the lugeon packer tests conducted at Tahmoor South (min = 0.000000864m/d;
max = 0.45 m/d; mean = 0.041 m/d) (SCT Operations) (Figure 4.5.1). Based on how
similar these results are, the model has accurately predicted hydraulic conductivity.
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Figure. 4.5.1: Random distribution of Hydraulic conductivity produced by the model,
compared to the minimum, maximum and mean values measured by packer tests
conducted at Tahmoor South (SCT Operations, 2015).
The amount of subsurface flow is directly dependent on the hydraulic conductivity
(Zhao et al, 2017). Discrepancies in hydraulic conductivity are a result of variation
within the rock beds. As this study focused on fracture parameters and bed
thickness, the minor variation between the predicted model mean of 0.055m/d and
the Tahmoor South mean of 0.041m/d is a result of differences within these
parameters. The direct relationship between fracture spacing, fracture aperture and
hydraulic conductivity is suggestive that fracture spacing, and fracture aperture are
the determining parameters. The ability of fractures to facilitate groundwater flow
also depends greatly on the degree of interconnection and continuity of the fractures
(El-Naqa, 2001), however, it was not possible to determine the interconnectivity of
fractures in the study because the observations from this work rely on analysis of
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cores, which represents a small volume of the actual rock unit where it is rare to find
interconnected fracture sets. It is suggested that the correlation between fracture
aperture and hydraulic conductivity is stronger than the correlation between fracture
spacing and hydraulic conductivity (Hamm et al., 2007). However, the aperture
0.0001m used by Tahmoor South was also used in the model for the prediction of
hydraulic conductivity. Whilst the variation of the mean hydraulic conductivity is
small, it is not a result of fracture aperture but more likely due to differences in
fracture spacing.
The slightly higher mean value in the model indicates a higher degree of fracturing
was predicted in the model. This suggests smaller fracture spacing was used in the
prediction of the hydraulic conductivity. As the fractures are spaced closer, more
fracture networks would occur, with increased interconnection indicating increased
potential paths for subsurface fluid to pass through the material with greater ease.
With increased ease more groundwater has the potential to flow through the fracture
networks, thus increasing the rate of flow.
However, when considering these results in context of the relationship between bed
thickness, fracture spacing and fluid flow, this does not correlate to the fracture
spacing values discussed as this study found a larger fracture spacing (6.34m)
compared to the Tahmoor South fracture spacing (4.21m), meaning that hydraulic
conductivity of Tahmoor South should be higher than the predicted model hydraulic
conductivity. The results obtained from the Tahmoor South lugeon packer tests also
produced a wider range of results compared to the results of the modelling. The
wider range obtained from the packer tests may be a result of fracture networks not
being intersected in some of the test intervals but included in others. If fractures are
not intersected, the flow is likely to be reduced, even though the use of packer
testing determines flow within the fabric of the rock sequence the intersecting
fractures are also considered. The possibility of some fracture networks being
discarded by Tahmoor South would explain the lower mean hydraulic conductivity
value in relation to fracture spacing. This indicates that the lugeon packer test results
do not give an accurate hydraulic conductivity result. In considering the large range
in the Tahmoor results, a random distribution of the packer tests was created and
compared to the predicted modelled distribution (Figure 4.5.2).
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Figure. 4.5.2: Distribution of modelled hydraulic conductivity (blue) vs a random
distribution of the Tahmoor South hydraulic conductivity values received from lugeon
packer testing (pink) (SCT Operations, 2015).
From the random distribution the spread of Tahmoor South’s hydraulic conductivity
has significantly reduced, with a minimum value of 0.0036m/d, a maximum of
0.081m/d and a mean of 0.059m/d. Thus, reinforcing the inconsistencies in the
inclusion of fracture networks within the lugeon packer testing becoming more
probable. The distribution of the Tahmoor South hydraulic conductivity has predicted
a mean value (0.059m/d) that is higher than the studies modelled predicted mean
(0.055m/d). The distribution of Tahmoor South’s results is now more reflective of the
fracture spacing values determined in comparison to the modelled hydraulic
conductivity, as the higher hydraulic conductivity value of Tahmoor South indicates
smaller fracture spacing, and the lower hydraulic conductivity values from the
predicted modelled distribution is reflective of the larger fracture spacing observed.
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4.5.1 Relevance to Longwall Mining
Hydraulic conductivity and fracture porosity are important fluid flow properties that
facilitate surface and subsurface water movement. Mining induced subsidence is
seen to enhance interaction between surface and subsurface water due to the
enlargement and development of new and existing fractures and fracture networks.
Induced fracturing can cause both surface and subsurface flow to be diverted
causing alteration of stress and flow properties of the rock (Jankowski et al, 2008). A
change in these properties has the capacity to affect the aquifer storage potential,
deform aquitards and alter the hydrology resulting in a loss of surface and
subsurface flow. Over time, important groundwater and surface water stores can be
depleted.
Being able to accurately predict and model a distribution of fracture porosity and
hydraulic conductivity of the Hawkesbury Formation allows further understanding into
the relationships between fracture parameters and how they interact and affect flow.
The model was used to predict pre-mining flow properties as values pre-mining have
been previously determined by Tahmoor South. The comparison of the model results
to the previous results allowed modification of the model to receive predictions
consistent with Tahmoor South results, to achieve a model that is deemed accurate.
When analysing the relationship between bed thickness, fracture spacing and fluid
flow in context to longwall mining, areas deemed most suited for mining would
include relatively large bed thickness(>8m), resulting in large fractures spacing and
therefore, reducing fracture intensity and rate of subsurface fluid flow. From the
projected flow properties, the Tahmoor South lugeon packer test gives the lowest
mean hydraulic conductivity value (0.041m/d) and would therefore be considered
favourable for mining. These results are contradictive to the bed thickness and
fracture spacing results, where Tahmoor South is considered least favourable for
mining with the smallest bed thickness and fracture spacing. However, with the
projection of the Tahmoor South hydraulic conductivity values in a distribution, the
inconsistencies are resolved, making Tahmoor South least suitable and the modelled
bed thickness, facture spacing and hydraulic conductivity values favourable. The
preference of the modelled values is also reinforced from the modelled fracture
porosity. As based on the predicted bed thickness and fracture spacing the fracture
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porosity is insignificant, and therefore would not facilitate large volumes of fluid flow
under stress.

4.6 Implications of results
Mechanical stratigraphy and Fracture Parameters
From looking at the bed thickness to fracture spacing relationships in Figure 4.2.1 it
is noticed that the Tahmoor South results are least favourable for mining. This is
because the bed thickness is smaller and so is the fracture spacing, indicated higher
degree of fracturing and therefore, weaker rock. This is not ideal for mining practises
to occur underneath. These sandstone beds may not be able to facilitate the stress
imposed from longwall mining practises as further fracturing could occur. As there is
already a considerable amount of fracturing, the flow properties of the rock could
easily become fracture facilitated. This means that altered fluid flow paths will occur
and greater fracture porosity and hydraulic conductivity values would be seen,
indicating more subsurface flow would occur, at faster rates. This could cause
surface water bodies to deplete, with GDE’s becoming undertreat depending on the
severity of fluid flow.
Whilst thicker beds are considered more ideal for mining practises, the modelled bed
thickness and fracture spacing relationship would be recommended as most suitable
for longwall mining. This is because the fracture spacing seen in the DM Wollongong
cores is small relative to bed thickness. This indicates that the values used to
calculate the fracture spacing for the geophysical bed thickness were favourable.
The use of a range of values for the K and k constants rather than a single value to
accommodate for the variation seen within the sandstone units was complimentary
to this study.
Flow values
The values predicted for both fracture porosity and hydraulic conductivity were
considered relatively small. This means that the fracture networks in our proposed
model only facilitate a small portion of fluid flow. These values are a result of using
an aperture of 0.0001m. In naturally fractured rock beds, fractures are not a
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consistent width, therefore, fracture porosity would be highly variable. If the aperture
was larger, the fluid flow values would increase.
Based on the bed thickness and fracture spacing values the flow properties would be
greatest in the Tahmoor South. As smaller beds and closer fractures results in higher
degree of fracturing and therefore high flow rates. However, this is not reinforced
from the hydraulic conductivity values. This discrepancy is only minor meaning minor
inaccuracies in the model or in the Tahmoor South analysis. To test for possible
inaccuracies, the creation of distributions for Tahmoor South hydraulic conductivity
was produced (Figure 4.5.2). This new distribution of results, produced higher
hydraulic conductivity values for Tahmoor South, thus indicating inaccuracies in the
Tahmoor South analysis and reinforcing the relationships found in this study.
Therefore, the Tahmoor South area, based on the results, is least favourable for
mining.

4.7 Limitations
Fracture Parameters
This study only predicted the parameter of fracture spacing, with an assumed
aperture from literature to calculate flow properties. These fracture parameters are
not easily translated into equations when describing flow at a realistic scale. Fracture
orientation is a more favourable parameter to use. Due to the lack of availability of
image logs that directly highlight fractures within the Hawkesbury Formation the
orientation of fractures could not be determined.
Aperture was also too difficult to determine in this study as fracture aperture is not
constant. The difficulty is due to confining pressure variation as fracture aperture is
highly dependent on magnitude of stress. In high stress conditions the aperture is
reduced (closed), meaning there is less space between adjacent rock, constricting
flow whereas, at low stress conditions the aperture is open in relation to the
characteristics of normal stiffness and discontinuities of the rock (SCT Operations,
2015).
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Fractures have limited length and width, which can also vary among individual
fractures in the same fracture set. Spacing between individual fractures in the same
set can also vary. Since all these variations take place in the three-dimensional
space, they cannot be directly observed, except through continuous coring or logging
of multiple closely spaced boreholes, which is the main cost-limiting factor (Kresic,
2010).
Some human error also needs to be considered when measuring fracture spacing in
the observational core data. Lack of extensive knowledge on distinguishing between
natural and induced fractures could cause inaccurate fracture interpretation.
Calculation of Fluid Flow Properties
The equations used in this study for fracture porosity assume a system of a set of
equally spaced parallel fractures. Experimental studies carried out (Cacas, 1989)
have shown that the actual flow through a fracture is channelled through narrow,
conduitlike tortuous paths and cannot be simply represented by the flow between
two parallel plates separated by “mean” aperture (Kresic, 2010). Therefore, the
fracture networks considered in this study were not directly parallel or in a system of
equal spacing and the equation for fracture porosity can only produce approximate
values.
Multiple equations for hydraulic conductivity were found in literature. The equation
(5) derived by (Cook, 2003) was over the equation derived by (Nelson, 2019). These
equations are both very similar with Cook (2003) multiplying the aperture and
spacing by a factor of two. Nelson’s (2019) hydraulic conductivity equation is making
an assumption of only one set of parallel fractures, whereas Cook (2003) considers a
system of parallel fractures within a rock matrix. This equation accounts for the
nature of dependence of hydraulic conductivity on fracture aperture also referred to
as the cubic law. By doubling the aperture and spacing Cook (2003) accounts for this
relationship to produce hydraulic conductivity realistic of a system or network of
fractures.
In any modelling distribution where predictions are being made, errors and
uncertainty is involved. There are measurement errors associated with the
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parameters chosen for the inputs including precision of the measurement instrument
or tool, statistics of the fit of the distribution, operator variability, propagation of
measurement errors through the calculation function using several parameters
(Nelson, 2019).
Variation in data
Discrepancies in this study are seen in the comparison between the predicted
modelled hydraulic conductivity and the Tahmoor South values. Whilst these value
differences are minor, in the context of the relationship between bed thickness,
fracture spacing and fluid flow, these discrepancies hold greater significance. This is
most likely due to error in model calculation of hydraulic conductivity.
The variation between the hydraulic conductivity values could also be a result of
intrinsic bias on Tahmoor’s behalf, resulting in lower values. The locality of the cores
chosen by Tahmoor were most likely obtained from areas of relatively undeformed
stratigraphy as these are favourable mining locations resulting in the exclusion of
faulted and folded sections of the Hawkesbury Formation where more fractures
might be expected. The model results did incorporate data from bore holes that are
deformed. Folding can change the geological structure of a rock unit, resulting in
modification to the mechanical and hydraulic properties of the strata (Zabidi et al,
2019).
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5. CONCLUSION
5.1 Summary
This honours thesis was aimed at characterising fracture and fluid flow properties in
the Tahmoor region, NSW. Understanding how fracture networks affect fluid flow
properties is vital to predict accurate groundwater flow models. The natural fracture
networks pre-mining has been analysed to predict distribution of fluid flow including
hydraulic conductivity and fracture porosity.
The calculation of fractured rock parameters through observational and geophysical
methods are important for characterising the fracture porosity and hydraulic
conductivity of groundwater reservoirs. The fracture spacing and bed thickness
analysed within the Hawkesbury Formation determined a positive linear relationship
in line with previous studies (Bai and Pollard, 2000). Using the calculated fracture
spacing the fracture porosity and hydraulic conductivity values predicted from the
methodology can be considered valid for the study location and the surrounding
geological conditions of the Hawkesbury Formation. A comparison between the
modelled results and data provided by the Tahmoor South project indicates
reasonable correlation between the two methods for predicting hydraulic conductivity
of fractured rock. The mean hydraulic conductivity value predicted in the model is
0.055 m/d, whilst the mean hydraulic conductivity indicated from the Tahmoor South
project is 0.041 m/d. Based on these findings the sandstone rock mass of the
Hawkesbury Formation is considered to have a low to medium degree of fracturing
indicating flow is mostly matrix facilitated with medium to high hydraulic conductivity.
These results align with the Hawkesbury Formations favourable aquifer properties,
the interbedding of impermeable shale/clay units confining the high subsurface flow
rates through the fractured, porous sandstone.
As a result of these findings the following conclusions can be drawn from this study:
1. Fracture spacing within sedimentary facies is directly related to the bed
thickness.
2. The bed thickness and fracture spacing produced from Tahmoor South is
least suitable for longwall mining.
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3. Fluid flow within the Hawkesbury Formation is not naturally fracture facilitated
due to high primary porosity.
4. The fluid flow values predicted by the model are accurate in comparison to
previous literature and in comparison, to the Tahmoor South EIS, however,
the model is contradictive when analysing the relationship between bed
thickness, fracture spacing and fluid flow with Tahmoor South results
therefore, the model requires further work.
From the conclusions made, this study has characterised the fracture parameters of
the Hawkesbury Formation through the accurate interpretation of mechanical
stratigraphy. The use of accurate mechanical properties as inputs within equations
was important to calculate predicted fluid flow values. However, in a broader sense,
the comparison and relationship between bed thickness, fracture spacing, and fluid
flow did not align between the modelled and Tahmoor South results. Nevertheless, a
created distribution to predict values of Tahmoor South does align this relationship.
Therefore, suggesting either the model is inaccurate, producing higher flow values or
the hydraulic conductivities produced by Tahmoor South from lugeon packer testing
do not accurately account of or include fracture networks. Further investigation is
required into this conclusion to resolve this discrepancy.

5.2 Future Research
This study has provided some important insights into the fracture networks of the
Hawkesbury Formation pre-mining and how groundwater flow is directly affected by
these fracture networks. The conclusions from this study highlight the importance of
monitoring the impacts and effects overburden from longwall mining may have on
the fracture properties, as this has the potential to disturb subsurface flow, reservoir
storage capabilities and regional aquitards.
Model manipulation and refinement
Research could further extend to include the analysis of more fracture parameters
and core data. Including a larger number of cores in the study will allow for more
accurate fracture parameters averages to be concluded. Determining the specific
aperture and fracture orientation would improve the accuracy of the predicted fluid
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flow properties. This would give several apertures across different locations, thus
giving multiple fracture porosity and hydraulic conductivity values. The more values
found, the across a study area, the more refined and accurate the predictions would
be. The fracture orientation would allow more accurate calculations and equations to
be used, allowing more realistic values to be found. The further use of fracture
parameters may lead to more accurate flow property predictions in relation to bed
thickness and fracture spacing.
Prediction of post - mining fluid and fracture flow properties
This study is relevant for future use in comparison to studies carried out post-mining
to observe the impact mining may have on the fracture networks and direct flow
properties of rocks.
As the model distributions are based of parameters and the relevant relationships
between these parameters, once refined, it could also be possible to make
predictions of future fracture porosity and hydraulic conductivity of a rock body postsubsidence before the mining activities have occurred. Being able to accurately
predict subsurface and fracture flow properties and how they will behave during and
as a result of subsurface mining activities is extremely useful particularly within the
Hawkesbury Formation due to its groundwater and aquifer properties. This can lead
to careful management and selection of the best possible areas for subsurface
mining with minimal impact on fluid flow. The use of this model in these predictions
allows for a cost and time effective alternative to the traditional packer and core
permeability methods to determine subsurface fluid flow properties.
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APPENDIX A – Core Data Collected for Original Project

Amy Soper – The University of Wollongong

116

Amy Soper – The University of Wollongong

117

Amy Soper – The University of Wollongong

118

APPENDIX B – Fractures Measured in Observational Cores
DM
Wollongong
13
Fracture 1

Fracture
Depth
(m)
11.8364

Fracture 2

13.7414

Fracture 3

15.7988

Fracture 4

16.0782

Fracture 5

16.6116

Fracture 6

23.495

Fracture Photo
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Fracture 7

24.0284

Fracture 8

26.797

Fracture 9

28.067

Fracture 10

30.1244

Fracture 11

42.926
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Fracture 12

43.0022

Fracture 13

45.72

Fracture 14

48.6156

Fracture 15

56.9468

Fracture 16

63.0174

Fracture 17

77.8002
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Fracture 18

109.855

Fracture 19

135.9408

Fracture 20

145.5674

Fracture 21

149.3012
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DM
Wollongong
23
Fracture 1

Fracture
Depth
(m)
33.02

Fracture 2

41.9608

Fracture 3

42.1386

Fracture 4

43.5356

Fracture Photo
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Fracture 5

43.7896

Fracture 6

49.9745

Fracture 7

51.562

Fracture 8

53.4925
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Fracture 9

54.7878

Fracture 10

55.8546

Fracture 11

56.1848

Fracture 12

59.2328

Fracture 13

61.3664
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Fracture 14

61.5188

Fracture 15

63.5254

Fracture 16

111.7092

Fracture 17

127.0252
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DM
Wollongong
35
Fracture 1

Fracture
Depth (m)

Fracture 2

24.4348

Fracture 3

26.6954

Fracture 4

27.7114

Fracture 5

30.7086

Fracture Photo

23.368
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Fracture 6

33.8074

Fracture 7

36.2966

Fracture 8

50.2158

Fracture 9

55.9308

Fracture 10

69.8246
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Fracture 11

74.803

Fracture 12

93.3704

Fracture 13

105.1052

Fracture 14

108.1786

Fracture 15

110.5662

Fracture 16

111.4298
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Fracture 17

114.0968

Fracture 18

115.6462

Fracture 19

129.0829

Amy Soper – The University of Wollongong

130

APPENDIX C – Working R Script for Model of Flow Properties
# import excel data sheet of sandstone thickness
> library("readxl")
> summary(Sandstone_Thickness)
Sandstone Thickness
Min. : 2.000
1st Qu.: 5.000
Median : 6.000
Mean : 7.646
3rd Qu.: 9.250
Max. :30.000
#determine the mean of the sandstone thickness data
> mean(Sandstone_Thickness)
7.646
#define B as the average sandstone thickness in a random triangular distribution
> B <- rtriangle(10,000, 2, 30, 7.64)
#define K in a random triangular distribution
> K <- rtriangle(10,000, 0.1, 1.5, 0.46)
#define the systematic joint spacing as ‘S’, and run the equation using the already
defined variables
> S <- (K*B)^(2/3)
> summary(S)
Min. 0.6081
1st Qu. 2.7662
Median 3.8833
Mean 4.1442
3rd Qu. 5.2515
Max. 11.9137
#produce a histogram of the distribution
> hist(S)
> hist (S, main = “Predicted Spacing of Systematic Joints”, xlab = “Spacing of
Systematic Joints (m)”)
#define k as random triangular distribution for cross joint spacing equation
> k <- rtriangle (10,000, 1.5, 2.5, 2.2)
#define the cross joint spacing as ‘X’, and run the equation using the defined
variables
> X <- k*S
> summary(X)
Min. 1.289
1st Qu. 5.631
Median 7.923
Mean 8.542
Amy Soper – The University of Wollongong

131
3rd Qu. 10.880
Max. 26.534
#produce a histogram of the distribution
> hist(X)
> hist (X, main = “Predicted Spacing of Cross Joints”, xlab = “Spacing of Cross
Joints (m)”)
#define and calculate average fracture spacing
> AverageFractureSpacing <- (X+S)/2
> summary(AverageFractureSpacing)
Min. 1.004
1st Qu. 4.217
Median 5.902
Mean 6.343
3rd Qu. 8.054
Max. 19.101
#produce histogram of the distribution
> hist(AverageFractureSpacing)
> hist (AverageFractureSpacing, main = “Predicted Average Fracture Spacing”, xlab
= “Average Fracture Spacing (m)”)
#use fracture porosity equation with B distribution
> FracturePorosity <- (0.0001/(B+0.0001)*100
> summary(FracturePorosity)
Min. 0.01052
1st Qu. 0.01124
Median 0.01169
Mean 0.01195
3rd Qu. 0.01237
Max. 0.01996
#produce histogram of the distribution
> hist(FracturePorosity)
> hist(FracturePorosity, main =”Predicted Fracture Porosity”, xlab “Predicted
Fracture Porosity (%)”)
#use hydraulic conductivity equation with B distribution
> HydraulicConductivity(m/s) <-(2*0.0001)^3/(2*B)*(988.23*9.806)/(12*0.0010016)
> summary(HydraulicConductivity(m/s))
Min. 1.709e-07
1st Qu. 4.052e-07
Median 5.529e-07
Mean 6.372e-07
3rd Qu. 7.739e-07
Max. 3.251e-06
#produce histogram of the distribution
> hist(HydraulicConductivity(m/s))
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> hist(HydraulicConductivity(m/s), main = "Predicted Hydraulic Conductivity
Distribution", xlab = "Hydraulic Conductivity (m/s)")
#convert hydraulic conductivity from m/s to m/d
> HydraulicConductivity(m/d) <(2*0.0001)^3/(2*B)*(988.23*9.806)/(12*0.0010016)(86400)
> summary(HydraulicConductivity(m/d))
Min. 0.01476
1st Qu. 0.03501
Median 0.04777
Mean 0.05506
3rd Qu. 0.06687
Max. 0.28087
#produce histogram of the distribution
> hist(HydraulicConductivity(m/d))
> hist(HydraulicConductivity(m/d), main = "Predicted Hydraulic Conductivity
Distribution", xlab = "Hydraulic Conductivity (m/d)")
#create a random distribution from the Tahmoor packer results
> Tahmoorpackertest(m/d) <- rtriangle(10,000, 0.000000864, 0.44928, 0.041472)
> summary(Tahmoorpackertest(m/d))
Min. 0.003574
1st Qu. 0.034466
Median 0.041317
Mean 0.041301
3rd Qu. 0.047954
Max. 0.080487
#produce histogram of the distribution
> hist (Tahmoorpackertest(m/d))
> hist(Tahmoorpackertest(m/d), main = "Tahmoor Packer Hydraulic Conductivity
Distribution", xlab = "Hydraulic Conductivity (m/d)")
#now we combine the Tahmoor packer histogram with the modelled hydraulic
conductivity histogram
# first to define transparent colours to be able to distinguish between the distributions
but see both.
> c1 <- rgb(173,216,230,max = 255, alpha = 80, names = "lt.blue")
> c2 <- rgb(255,192,203, max = 255, alpha = 80, names = "lt.pink")
# now we need to define each histogram distribution to be easily called and used
with other functions
> Model <- hist(HydraulicConductivity(m/d), plot = FALSE)
> Tahmoor <- hist(Tahmoorpackertest(m/d), plot = FALSE)
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#now both distributions need to be on the same scale of axis, this is done by defining
breaks
> Model $breaks
[1] 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
> Tahmoor $breaks
[1] 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
# As they have different breaks, we need to change them for one of the distributions.
> Model <- hist(Tahmoorpackertest(m/d), plot = FALSE, breaks = 10, xlim = 0, 0.30,
ylim = 0,3500)
#they can now be plotted together using the plot function
> plot(CSIRO, col = c1)
> plot(Tahmoor, col = c2, add = TRUE)
> legend(1, 95, legend=c("Tahmoor", "CSIRO"), col=c("c3", "c1"))
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APPENDIX D - Trial and Error Modelled Distributions
Distribution based on
Average Spacing
distribution
summary(nelsonsequavsp
9ap0.0003)
Min. 1.190e-06
1st Qu. 2.716e-06
Median 3.698e-06
Mean 4.290e-06
3rd Qu. 5.184e-06
Max. 2.498e-05

New triangle distribution using
min, max and mean from <
first hist
summary(rtriangle(1000,1.190
e-06, 2.498e-05, 4.290e-06))
Min. 1.312e-06
1st Qu. 6.030e-06
Median 9.332e-06
Mean 1.018e-05
3rd Qu. 1.369e-05
Max. 2.473e-05

New triangle distribution
using min, max and median
from < first hist
summary(rtriangle(1000,1.1
90e-06, 2.498e-05, 3.698e06))
Min. 1.298e-06
1st Qu. 5.823e-06
Median 9.077e-06
Mean 9.977e-06
3rd Qu. 1.347e-05
Max. 2.488e-05

Nelsons
Equation
(0.0005
aperture,
Avsp9)

summary(nelsonsequavsp
9ap0.0005)
Min. 5.512e-06
1st Qu. 1.258e-05
Median 1.712e-05
Mean 1.986e-05
3rd Qu. 2.400e-05
Max. 1.156e-04

summary(rtriangle(1000,5.512
e-06, 1.156e-04, 1.986e-05))
Min. 6.316e-06
1st Qu. 2.485e-05
Median 4.121e-05
Mean 4.547e-05
3rd Qu. 6.328e-05
Max. 1.123e-04

summary(rtriangle(1000,5.5
12e-06, 1.156e-04, 1.712e05))
Min. 6.506e-06
1st Qu. 2.651e-05
Median 4.471e-05
Mean 4.767e-05
3rd Qu. 6.581e-05
Max. 1.136e-04

Nelsons
Equation
(0.0003
aperture,
Aversp8)

summary(nelsonsequavsp
8ap0.0003)
Min. 1.547e-06
1st Qu. 3.273e-06
Median 4.373e-06
Mean 4.967e-06

summary(rtriangle(10000,
1.547e-06, 2.905e-05, 4.967e06))
Min. 1.626e-06
1st Qu. 6.793e-06
Median 1.088e-05

summary(rtriangle(10000,
1.547e-06, 2.905e-05,
4.373e-06))
Min. 1.688e-06
1st Qu. 6.405e-06
Median. 1.056e-05

Nelsons
Equation
(0.0003
aperture,
Aversp9)
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3rd Qu. 5.972e-06
Max. 2.905e-05

Mean 1.191e-05
3rd Qu. 1.624e-05
Max. 2.864e-05

Mean. 1.157e-05
3rd Qu. 1.595e-05
Max. 2.885e-05

Nelsons
Equation
(0.0005
aperture,
Aversp8)

summary(nelsonsequavsp
8ap0.0005)
Min. 7.161e-06
1st Qu. 1.515e-05
Median 2.025e-05
Mean 2.300e-05
3rd Qu. 2.765e-05
Max. 1.345e-04

summary(rtriangle(10000,
7.161e-06, 1.345e-04, 2.300e05))
Min. 7.698e-06
1st Qu. 3.143e-05
Median 5.037e-05
Mean 5.508e-05
3rd Qu. 7.508e-05
Max. 1.328e-04

summary(rtriangle(10000,
7.161e-06, 1.345e-04,
2.025e-05))
Min. 7.712e-06
1st Qu. 3.075e-05
Median 4.978e-05
Mean 5.449e-05
3rd Qu. 7.437e-05
Max. 1.332e-04

CSIRO
conductivi
ty (0.0003
aperture,
Avsp 9)

summary(CSIROconductivi
tyap0.0003spacing9)
Min. 4.762e-06
1st Qu. 1.087e-05
Median 1.479e-05
Mean 1.716e-05
3rd Qu. 2.074e-05
Max. 9.992e-05

summary(rtriangle(10000,
4.762e-06, 9.992e-05, 1.716e05))
Min. 4.975e-06
1st Qu. 2.282e-05
Median 3.686e-05
Mean 4.035e-05
3rd Qu. 5.524e-05

summary(rtriangle(10000,
4.762e-06, 9.992e-05,
1.479e-05))
Min. 5.072e-06
1st Qu. 2.181e-05
Median 3.641e-05
Mean 3.989e-05
3rd Qu. 5.511e-05
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Max. 9.895e-05

Max. 9.926e-05

CSIRO
conductivi
ty (0.0005
aperture,
Avsp 9)

summary(CSIROconductivi
tyap0.0005spacing9)
Min. 2.205e-05
1st Qu. 5.030e-05
Median 6.848e-05
Mean 7.945e-05
3rd Qu. 9.600e-05
Max. 4.626e-04

summary(rtriangle(10000,
2.205e-05, 4.626e-04, 7.945e05))
Min. 2.279e-05
1st Qu. 1.053e-04
Median 1.690e-04
Mean 1.861e-04
3rd Qu. 2.551e-04
Max. 4.585e-04

summary(rtriangle(10000,
2.205e-05, 4.626e-04,
6.848e-05))
Min. 2.366e-05
1st Qu. 1.001e-04
Median 1.658e-04
Mean 1.833e-04
3rd Qu. 2.543e-04
Max. 4.586e-04

CSIRO
conductivi
ty (0.0003
aperture,
Avsp 8)

summary(CSIROconductivi
tyap0.0003spacing8)
Min. 6.187e-06
1st Qu. 1.309e-05
Median 1.749e-05
Mean 1.987e-05
3rd Qu. 2.389e-05
Max. 1.162e-04

summary(rtriangle(10000,
6.187e-06, 1.162e-04, 1.987e05))
Min. 6.609e-06
1st Qu. 2.688e-05
Median 4.359e-05
Mean 4.748e-05
3rd Qu. 6.475e-05
Max. 1.152e-04

summary(rtriangle(10000,
6.187e-06, 1.162e-04,
1.749e-05))
Min. 6.470e-06
1st Qu. 2.565e-05
Median 4.188e-05
Mean 4.628e-05
3rd Qu. 6.395e-05
Max. 1.149e-04
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CSIRO
conductivi
ty (0.0005
aperture,
Avsp 8)

summary(CSIROconductivi
tyap0.0005spacing8)
Min. 2.864e-05
1st Qu. 6.061e-05
Median 8.098e-05
Mean 9.198e-05
3rd Qu. 1.106e-04
Max. 5.379e-04

Nelsons
equation
(0.0001,
avsp9)

summary(nelsonsequavsp
9ap0.0001)
Min. 4.409e-08
1st Qu. 1.006e-07
Median 1.370e-07
Mean 1.589e-07
3rd Qu. 1.920e-07
Max. 9.252e-07

Nelsons
equation

summary(nelsonsequavsp
8ap0.0001)
Min. 5.729e-08

summary(rtriangle(10000,
2.864e-05, 5.379e-04, 9.198e05))
Min. 3.076e-05
1st Qu. 1.254e-04
Median 1.982e-04
Mean 2.180e-04
3rd Qu. 2.983e-04
Max. 5.329e-04
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summary(rtriangle(10000,
2.864e-05, 5.379e-04,
8.098e-05))
Min. 2.979e-05
1st Qu. 1.193e-04
Median 1.948e-04
Mean 2.144e-04
3rd Qu. 2.952e-04
Max. 5.306e-04

138
(0.0001,
avsp8)

1st Qu. 1.212e-07
Median 1.620e-07
Mean 1.840e-07
3rd Qu.2.212e-07
Max. 1.076e-06

CSIRO
conductivi
ty (0.0001
aperture,
Avsp 9)

summary(CSIROconductivi
tyap0.0001spacing9)
Min. 1.764e-07
1st Qu. 4.024e-07
Median 5.478e-07
Mean 6.356e-07
3rd Qu. 7.680e-07
Max. 3.701e-06

CSIRO
conductivi
ty (0.0001
aperture,
Avsp 8)

summary(CSIROconductivi
tyap0.0001spacing8)
Min. 2.291e-07
1st Qu. 4.849e-07
Median 6.479e-07
Mean 7.359e-07
3rd Qu. 8.847e-07
Max. 4.303e-06
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APPENDIX E – Stratigraphic Log form Longwall 10A of the
Tahmoor South EIS (SCT Operations, 2015).
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APPENDIX F – Defect Log form Longwall 10A of the Tahmoor South
EIS (SCT Operations, 2015).
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